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STRUCTURES AND METHODS FOR REDUCING 
POLARIZATION ABERRATION IN OPTICAL SYSTEMS 

5 

Background of the Invention 

Field of the Invention 

The present invention relates to reducing aberration in optical systems. More 
10 particularly, the present invention relates to apparatus and methods for reducing 
polarization aberrations in optical systems such as lithographic imaging systems 
comprising cubic crystalline optical elements having intrinsic birefringence. 
Description of the Related Art 

In order to increase levels of device integration for integrated circuit and other 
15 semiconductor components, device features having smaller and smaller dimensions are 
desired. In today's rapidly advancing semiconductor manufacturing industry, the drive is 
to produce such reduced device features in a reliable and repeatable manner. 

Optical lithography systems are commonly used to form images of device patterns 
upon semiconductor substrates in the fabrication process. The resolving power of such 
20 systems is proportional to the exposure wavelength; therefore, it is advantageous to use 
exposure wavelengths that are as short as possible. For sub-micron lithography, deep 
ultraviolet light having a wavelength of 248 nanometers or shorter is commonly used. 
Wavelengths of interest include 193 and 157 nanometers. 

At ultraviolet or deep ultraviolet wavelengths, the choice of materials used to form 
25 the lenses, windows, and other optical elements of the lithography system is significant. 
Such optical elements preferably are substantially optically transmissive at short 
wavelengths used in these lithography systems. 

Calcium fluoride and other cubic crystalline materials such as barium fluoride, 
lithium fluoride, and strontium fluoride, represent some of the materials being developed 
30 for use as optical elements for 157 nanometer lithography, for example. These single 
crystal fluoride materials have a desirably high transmittance compared to ordinary optical 
glass and can be produced with good homogeneity. 

Accordingly, such cubic crystalline materials are useful as optical elements in short 
wavelength optical systems including but not limited to wafer steppers and other projection 
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printers used to produce small features on substrates such as semiconductor wafers and 
other substrates used in the semiconductor manufacturing industry. In particular, calcium 
fluoride finds particular advantage in that it is an easily obtained cubic crystalline material 
and large high purity single crystals can be grown. These crystals, however, are expensive, 
5 and certain orientations, such as the <100> and <1 10> crytallographic orientations are more 
expensive than others, like the <1 1 1> crystal orientation. 

A primary concern regarding the use of cubic crystalline materials for optical 
elements in deep ultraviolet lithography systems is anisotropy of refractive index inherent 
in cubic crystalline materials; this effect is referred to as "intrinsic birefringence." For light 

10 propagating through a birefringent material, the refractive index varies as a function of 
polarization and orientation of the material with respect to the propagation direction and the 
polarization. Accordingly, different polarization components propagate at different phase 
. velocities and undergo different phase shifts upon passing through an optical element 
comprising birefringent material. 

15 When used for construction of elements of an optical system, the birefringent 

properties of these cubic crystalline materials may produce wavefront aberrations that 
significantly degrade image resolution and introduce field distortion. These aberrations are 
particularly challenging for optical instruments employed in photolithography in today's 
semiconductor manufacturing industry where high resolution and tight overlay 

20 requirements are demanded by an emphasis on increased levels of integration and reduced 
feature sizes. 

It has been recently reported [J. Burnett, Z. H. Levine, and E. Shipley, "Intrinsic 
Birefringence in 157 nm materials," Proc. 2 nd Intl. Symp. on 157 nm Lithography, Austin, 
Intl. SEMATECH, ed. R, Harbison, 2001] that cubic crystalline materials such as calcium 

25 fluoride, exhibit intrinsic birefringence that scales as the inverse of the square of the 
wavelength of light used in the optical system. The magnitude of this birefringence 
becomes especially significant when the optical wavelength is decreased below 250 
nanometers and particularly as it approaches 100 nanometers. Of particular interest is the 
effect of intrinsic birefringence at the wavelength of 157 nanometers (nm), the wavelength 

30 of light produced by an F 2 excimer laser, which is favored in the semiconductor 
manufacturing industry. Strong intrinsic birefringence at this wavelength has the 
unfortunate effect of producing wavefront aberrations that can significantly degrade image 
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resolution and introduce distortion of the image field, particularly for sub-micron projection 
lithography in semiconductor manufacturing. 

Thus, there is a need to reduce these wavefront aberrations caused by intrinsic 
birefringence, which can degrade image resolution and cause image field distortion. Such 
5 correction is particularly desirable in projection lithography systems comprising cubic 
crystalline optical elements using light having wavelengths in the deep ultraviolet range. 

Summary of the Invention 
One aspect of the invention comprises an optical system comprising: 
10 a first optical portion comprising a plurality of cubic crystalline optical elements 

aligned along an optical axis, said plurality of cubic crystalline optical elements being 
birefringent and imparting retardance on a beam of light propagating through said optical 
system along said optical axis; and 

a second optical portion including one or more optical elements, each comprising a 
15 uniaxial birefringent medium having a single birefingent axis inserted along said optical 
axis, said one or more optical elements having an amount of birefringence to substantially 
reduce said retardance introduced by said plurality of cubic crystalline optical elements. 

Another aspect of the invention comprises an optical apparatus for transmitting 
light, comprising: 

20 a plurality of optical elements having birefringence that introduces 

retardance to said light; and 

one or more form birefringent optical elements having birefringence that 
produces retardance opposite to said retardance of said plurality of optical elements so as to 
counter said retardance introduced by said plurality of optical elements. 

25 Still another aspect of the invention comprises an optical system for transmitting 

light, said optical system comprising: 

first optics having an optical axis passing therethrough, said first optics 
having radial and tangential eigenpolarization states distributed through a pupil plane 
associated with the optical system, said radial eigenpolarization state being directed 

30 substantially radially away from said optical axis and said tangential eigenpolarization state 
being substantially tangential to circular paths centered about said optical axis, both said 
radial and tangential eigenpolarizations having a distribution of magnitudes that is 
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substantially circularly symmetric about said optical axis such that said magnitudes are 
substantially constant along said circular paths; and 

second optics inserted along said optic axis of said first optical subsystem, 
said second optics having radial and tangential eigenpolarization states distributed through 
5 said pupil plane, said radial eigenpolarization state being directed substantially radially 
away from said optical axis and said tangential eigenpolarization state being substantially 
tangential to circular paths centered about said optical axis, said radial and tangential 
eigenpolarizations having a distribution of magnitudes that is substantially circularly 
symmetric about said optical axis such that said magnitude is substantially constant along 

1 0 said circular path, 

wherein said radial and tangential eigenpolarization states associated with 
said first optics are phase delayed with respect to each other an amount substantially equal 
to and opposite said radial and tangential eigenpolarization states associated with said 
second optics to reduce total phase delay being imparted on said light in said optical 

15 system. 

Yet another aspect of the invention comprises an optical system that outputs light 
comprising: 

first and second sections each comprising a plurality of symmetrically 
shaped calcium fluoride lens elements, each of said calcium fluoride lens elements being 
20 symmetrical about a respective optical axis passing therethough, said plurality of 
symmetrically shaped calcium fluoride lens elements arranged along an optical path; and 
at least one uniaxial birefringent optical element in said second section; 
wherein said symmetrically shaped calcium fluoride lens elements in said 
first and second sections together comprise at least about 80% by weight [111] cubic 
25 crystalline calcium fluoride having a [111] crystal direction substantially parallel to said 
respective optical axis. 

Another aspect of the invention comprises a method of optically imaging, 
comprising: 

propagating light through a plurality of cubic crystal elements possessing 
30 intrinsic birefringence that produce first retardance aberrations; and 

propagating said light through one or more optical elements comprising a 
uniaxial birefringent medium thereby introducing second retardance aberrations 
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substantially identical in magnitude and substantially conjugate in shape to said first 
retardance aberrations so as to substantially offset said first retardance aberrations. 

Another aspect of the invention comprises a method of reducing the retardance 
caused by intrinsic birefringence in an optical system comprising a plurality of [1 1 1] cubic 
5 crystalline optical elements with respective [111] crystal axes aligned along an optical axis, 
said method comprising: 

clocking at least one said [111] cubic crystalline optical element to provide a more 
circularly symmetric retardance pattern over a pupil centered about said optical axis at least 
for on-axis field points; and 
10 introducing one or more uniaxial birefiingent elements comprising media having a 

single birefringence axis into said optical system, said one or more uniaxial birefringent 
elements having a substantially circularly symmetric retardance pattern associated 
therewith that is distributed over said pupil centered about said optical axis at least for on- 
axis field points, 

15 wherein said retardance pattern corresponding to said plurality of [111] cubic 

crystal optical elements and said retardance pattern corresponding to said one or more 
uniaxial birefringent elements are opposite such that retardance introduced into an optical 
beam transmitted through said plurality of [111] cubic crystalline elements is substantially 
offset by retardance introduced into said optical beam upon transmitting said beam through 

20 said one or more uniaxial birefringent optical elements. 

Still another aspect of the invention comprises an optical method comprising: 

propagating a beam of light having first and second orthogonal polarization 
components through first optics comprising a plurality of optical elements disposed along 
an optical axis, said first optics having radial and tangential eigenpolarization states that 

25 form a circularly symmetric pattern around said optical axis, said radial and tangential 
eigenpolarization states being phased delayed with respect to each other so as to introduce 
phase delay between said first and second orthogonal polarization components in said beam 
of light; and 

substantially reducing said phase delay between said first and second 
30 orthogonal polarization components in said beam of light by propagating said light through 
second optics disposed along said optical axis, said second optics having radial and 
tangential eigenpolarization states that form a circularly symmetric pattern around said 
optical axis, said radial and tangential eigenpolarization states in said second optics being 
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phased delayed with respect to each other opposite said phase delay between said radial and 
tangential eigenpolarization states of said first optics section. 

Yet another aspect of the invention comprises an optical method comprising: 

propagating a beam of fight having first and second orthogonal polarization 

5 components through first optics comprising a plurality of optical elements disposed along 
an optical axis, said first optics having radial and tangential eigenpolarization states that 
form a circularly symmetric pattern around said optical axis, said radial and tangential 
eigenpolarization states being phased delayed with respect to each other so as to introduce 
phase delay between said first and second orthogonal polarization components in said beam 

10 of light; and 

substantially reducing said phase delay between said first and second 
orthogonal polarization components in said beam of light by propagating said light through 
second optics disposed along said optical axis, said second optics having radial and 
tangential eigenpolarization states that form a circularly symmetric pattern around said 
15 optical axis, said radial and tangential eigenpolarization states in said second optics being 
phased delayed with respect to each other opposite said phase delay between said radial and 
tangential eigenpolarization states of said first optics section. 

Another aspect of the invention comprises a photolithography tool comprising: 
a light source outputting light for illuminating a reticle; 
20 condenser optics positioned to receive light from said light source, said 

condenser optics positioned to direct an optical beam formed from said light 
through said reticle; and 

projection optics configured to form an image of said reticle onto a 
substrate, said projection optics including: 
25 one or more cubic crystalline lens elements receiving said directed 

optical beam propagated through said reticle, said one or more cubic 
crystalline lens elements having intrinsic birefringence which introduces 
retardance aberrations into said optical beam; and 

at least one uniaxial birefringent optical element positioned along a 
30 common optical pathway with said reticle and said one or more cubic 

crystalline lens elements, said uniaxial birefringent optical element 
comprising a uniaxial birefringent medium having a single birefringent axis, 
said uniaxial birefringent optical element having birefringence which 
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introduces retardance aberrations into said optical beam that are substantial 
conjugate to said retardance aberrations introduced by said one or more 
cubic crystalline lens elements. 
Another aspect of the invention comprises a method for forming a semiconductor 
5 device comprising: 

propagating a beam of light through a reticle; 
forming an optical image of said reticle by 

directing said beam of light into a first portion of a projection lens 
comprising a plurality of [111] cubic crystalline optical elements having respective 

10 [111] cubic crystal axes aligned with a common optical axis through said [111] 

cubic crystalline optical elements, said beam of light becoming aberrated as a result 
of first retardance aberrations introduced by said first portion of said projection 
lens, said first retardance aberrations resulting from variation in phase with 
polarization, said [111] cubic crystalline optical elements being clocked so as to 

15 cause said first retardance aberration associated with light from an on-axis field 

point to be substantially circularly symmetrical about said optical axis at an exit 
pupil of said projection lens; and 

propagating said beam of light through a second portion of said projection 
lens, said second portion of said projection lens including one or more optical 

20 elements, said second portion of said projection lens selected to introduce second 

retardation aberrations resulting from variation in phase with polarization, said one 
or more optical elements causing said second retardance aberrations associated with 
light from an on-axis field point that propagate through said exit pupil of said 
projection lens to be substantially circularly symmetric about said optical axis and 

25 to substantially counter said first polarization aberrations associated with said on- 

axis field point at said exit pupil, and 

positioning a substrate, such that said optical image formed by said beam of 
light output by said projection lens, is formed on said substrate. 
Still another aspect of the invention comprises a semiconductor device formed 

30 according to a process comprising: 

depositing a photosensitive material over a semiconductor wafer; 
illuminating a mask pattern; 
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transmitting a beam of light along an optical path from said mask pattern 
through a plurality of optical elements, said optical elements having radial and tangential 
eigenpolarization states and said beam having first and second orthogonal polarization 
states each coinciding with said one of said radial and tangential eigenpolarization states 
5 such that said first polarization state is phase delay with respect to said second polarization 
state; 

transmitting said beam of light, through at least one birefiingent element 
having a single uniaxial birefringent axis, said at least one birefringent element having 
radial and tangential eigenpolarization states such that said second polarization state is 
10 phase delayed with respect to said first polarization state a substantially equal amount to 
reduce the relative phase difference between said first and second orthogonal polarization 
states of said beam of light; 

receiving said beam of light after said beam of light is transmitted through 
said at least one birefringent element, and projecting said beam of light onto said 
1 5 photosensitive material over said semiconductor wafer; 

removing portions of photosensitive material to form a pattern in said 
photosensitive material that resembles said mask pattern; and 

processing said semiconductor wafer having said patterned photosensitive 
material thereon. 

20 Yet another aspect of the invention comprises a photolithography tool comprising: 

a light source outputting light for illuminating a reticle; 
condenser optics positioned to receive light from said light source, said 

condenser optics positioned to direct an optical beam formed from said light source 

through said reticle; and 

25 projection optics configured to form an image of said reticle onto a 

substrate, wherein said condenser optics include: 

one or more cubic crystalline optical elements receiving said light 
from said light source, said one or more cubic crystalline optical elements 
having intrinsic birefringence which introduces retardance into said optical 
30 beam, and 

a form birefringent optical element having form birefringence, said 
form birefiingent optical element positioned along a common optical 
pathway through said one or more cubic crystalline optical elements, the 

8 
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form birefringent optical element introducing retardance that substantially 
offsets said retardance imparted on said light transmitted through said one or 
more cubic crystalline optical elements. 
Yet another aspect of the invention comprises a photolithography tool comprising: 
5 a light source outputting light for illuminating a reticle; 

condenser optics positioned to receive light from said light source, said 
condenser optics positioned to direct an optical beam formed from said light 
through said reticle; and 

projection optics configured to form an image of said reticle onto a 
10 substrate, said condenser optics including: 

one or more cubic crystalline lens elements receiving said light from- 
said light source, said one or more cubic crystalline lens elements having 
intrinsic birefringence which introduces retardance aberrations into said 
optical beam; and 

15 at least one uniaxial birefiingent optical element comprising a 

uniaxial birefringent medium, said uniaxial birefiingent optical element 
having birefringence which introduces retardance aberrations that are 
substantial conjugate to said retardance aberrations introduced by said one 
or more cubic crystalline lens elements. 

20 

Brief Description of the Drawings 
A more complete understanding of the present invention and advantages thereof 
may be acquired by referring to the following description, taken in conjunction with the 
accompanying drawings in which like reference numbers indicate like features and 
25 wherein: 

FIGURE 1 is a cross-sectional view of a projection optics for an exemplary 
lithography system comprising twenty-one optical elements (eighteen transmissive and 
three reflective); 

FIGURE 2 is a schematic diagram of an exemplary lithography system including a 
30 condenser lens and projection optics; 

FIGURE 3A is a graphical representation of variation of birefringence axis 
orientation with respect to a cubic crystal lattice; 
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FIGURE 3B is a graphical representation of variation of birefringence magnitude 
with respect to a cubic crystal lattice; 

FIGURE 4 is a perspective view showing angular relationships between various 
directions through an exemplary cubic crystalline lattice; 
5 FIGURE 5 A is a graphical illustration of retardance magnitude and retardance axis 

orientation in angular space for a cubic crystalline material with respect to the [110] lattice 
direction and indicates the azimuthal orientations of the off-axis peak birefringence lobes; 

FIGURE 5B is a graphical illustration of retardance magnitude and retardance axis 
orientation in angular space for a cubic crystalline material with respect to the [100] lattice 
10 direction and indicates the azimuthal orientations of the off-axis peak birefringence lobes; 

FIGURE 5C is a graphical illustration of retardance magnitude and retardance axis 
orientation in angular space for a cubic crystalline material with respect to the [11 1] lattice 
direction and indicates the azimuthal orientations of the off-axis peak birefringence lobes; 

FIGURES 6A and 6B illustrate the application of stress to an optical element to 
15 produce a uniaxial birefringent structure having a single birefringence axis substantially 
parallel to the optical axis of the element; 

FIGURE 7 is a graphical illustration showing the net retardance for an exemplary 
stressed element such as shown in FIGURES 6A and 6B across the exit pupil for an on-axis 
field point, wherein the optical element comprises cubic crystalline calcium fluoride having 
20 with its [100] crystal axis aligned along optical axis; 

FIGURE 8 is a schematic illustration of a form birefringent element comprising a 
multilayer coating; 

FIGURE 9 is a graphical illustration showing the net retardance for an exemplary 
form birefringent element such as shown in FIGURES 8 across the exit pupil for an on-axis 
25 field point, wherein the form birefringent element has a single birefringence axis parallel to 
the optical axis; 

FIGURES 10A and 10B are graphical illustrations showing the net retardance at the 
exit pupil for an exemplary optical system such as shown in FIGURE 1 for on-axis and 
extreme field points, wherein the optical system comprises [111]. cubic crystal calcium 
30 fluoride optical elements having respective crystal axes substantially identically aligned; 

FIGURE 1 1 is a cross-sectional view of a projection optics similar to that shown in 
FIGURE 1 further comprising a stress plate with uniaxial birefrincence; 
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FIGURE 12 is a graphical illustration showing the net retardance for an exemplary 
optical system such as shown in FIGURE 1 1 across the exit pupil for an off-axis field 
point; 

FIGURE 13 is a cross-sectional view of a projection optics similar to that shown in 
5 FIGURE 1 further comprising a form birefiingent element; 

FIGURE 14 is a graphical illustration showing the net retardance for an exemplary 
optical system such as shown in FIGURE 13 across the exit pupil for an off-axis field 
point; 

FIGURE 15 is a schematic illustration of a form birefiingent a multilayer coating 
1 0 that includes an impedance matching layer; 

FIGURE 16A-16C are plots of transmittance (in percentage) versus angle of 
incidence (in degrees) for a form birefiingent multilayer on calcium fluoride, a form 
birefiingent multilayer that includes impedance matching, and bare calcium fluoride; 

FIGURE 17A and 17B are plots of phase shift (in degrees) versus angle of 
15 incidence (in degrees) for a form birefiingent multilayer on calcium fluoride without an 
impedance matching layer and with an impedance matching layer, respectively 

Detailed Description of the Preferred Embodiments 
It is well-known that cubic crystalline materials like calcium fluoride are favored in 

20 lithography systems such as the high performance photolithographic tools used in the 
semiconductor manufacturing industry. These crystalline materials are substantially 
transmissive to short wavelength UV light, which provides for high optical resolution. It is 
also well-known, however, that these cubic crystalline materials exhibit intrinsic 
birefringence, i.e., an inherent anisotropy in refractive index. 

25 Birefringence, or double-refraction, is a property of refractive materials in which 

the index of refraction is anisotropic, that is, the index of refraction and thus the phase 
velocity is different for different polarizations. For light propagating through a birefringent 
material, the refractive index varies as a function of polarization and orientation of the 
material with respect to the polarization and thus the propagation direction. Unpolarized 

30 light propagating through a birefringent material will generally separate into two beams 
with orthogonal polarization states. These beams may be referred to as eigenpolarization 
states or eigenpolarizations. The two beams propagate through the material with a different 
phase velocity. As the light passes through a unit length of the birefiingent material, the 
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difference in phase velocity for the two ray paths will produce a phase difference between 
the polarizations, which is conventionally referred to as retardance. These two states 
having different phase velocities may be referred to as the slow and fast eigenpolarization 
states. 

5 Birefringence is a unitless quantity, although it is common practice in the 

lithography community to express it in units of nanometer per centimeter (nm/cm). 
Birefringence is a material property, while retardance is an optical delay between 
polarization states. The retardance for a given ray through an optical system may be 
expressed in nanometers (nm), or it may be expressed in terms of number of waves of a 

1 0 particular wavelength. 

In uniaxial crystals, such as magnesium fluoride or crystal quartz, the direction 
through the birefringent material in which the two orthogonal polarizations travel with the 
same velocity is referred to as the crystal axis. The term optic axis is commonly used 
interchangeably with crystal axis when dealing with single crystals. In systems of lens 

15 elements, the term optical axis usually refers to the symmetry axis of the lens system. To 
avoid confusion, the term optical axis will be used hereinafter only to refer to the symmetry 
axis in a lens system. 

In one simplified case, useful for conceptualizing certain properties of uniaxial 
crystals, the two orthogonal polarizations are linear polarization components that are 

20 directed vertically and horizontally in a plane perpendicular to the direction of propagation 
of the ray. In this particular example, as well as in general, the two orthogonal 
polarizations will travel with different velocities for directions through the material other 
than the crystal axis. For a given incident ray upon a birefringent medium, the two refracted 
rays associated with the two orthogonal polarization states are commonly described as the 

25 ordinary and extraordinary rays. The ordinary ray is polarized perpendicular to the crystal 
axis and refracts according to Snell's Law, and the extraordinary ray is polarized 
perpendicular to the ordinary ray and refracts at an angle that depends on the direction of 
the crystal axis relative to the incident ray and the amount of birefringence. In uniaxial 
crystals, the ordinary ray experiences the same index of refraction regardless of 

30 propagation direction of the ray, as by definition the ordinary ray is polarized perpendicular 
to the crystal axis. The polarization of the extraordinary ray is not always perpendicular to 
the crystal axis. Accordingly, the refractive index of the extraordinary ray depends on the 
propagation direction, i.e., angle, of the ray with respect to the crystal axis. For uniaxial 
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crystals, the index of refraction of the extraordinary ray is the same for all rays that 
propagate at the same angle. The result is symmetry about the crystal axis as will be 
illustrated more fully below. For example, the difference between the ordinary and 
extraordinary index is constant for rays propagating at the same angle with respect to the 
5 crystal axis. Similarly, the retardance is rotationally symmetric about the crystal axis. As 
is well known, uniaxial crystals are commonly used for optical components such as 
retardation plates and polarizers. 

In contrast, however, the index of refraction is generally not the same for all rays 
that propagate at the same angle. As a result, the retardance experienced is not rotationally 

10 symmetric about a single line. Cubic crystals have been shown to have both a retardance 
axis orientation and magnitude that vary depending on the propagation direction of the light 
with respect to the orientation of the crystal lattice. However, in contrast with a uniaxial 
crystal that has two propagation directions where the retardance is a maximum, i.e., the two 
opposite directions along the optic or crystal axis, cubic crystals may have a maximum 

1 5 birefringence along twelve different propagation directions through the cubic crystal. 

In addition to retardance, which is the difference in the index of refraction seen by 
the two eigenpolarizations, in cubic crystals the average index of refraction also varies as a 
function of angle of incidence, which produces polarization independent phase errors. 

Optical elements constructed from a cubic crystalline material, may cause a 

20 wavefront to be retarded as a result of the intrinsic birefringence of the optical element. 
Moreover, the retardance magnitude and orientation at a given point on the wavefront may 
vary, because the local propagation angle with respect to the material or the optical path 
length varies across the pupil. Such variations in retardance across the wavefront may be 
referred to as "retardance aberrations." Retardance aberrations split a uniformly polarized 

25 or unpolarized wavefront into two wavefronts with orthogonal polarizations. Again, these 
orthogonal wavefronts correspond to the eigenpolarization states. Each of the orthogonal 
wavefronts will experience a different refractive index, resulting in different wavefront 
aberrations. 

Optical elements comprising cubic crystalline material therefore introduce 
30 additional aberrations that are correlated with polarization. These aberrations are generally 
referred to herein as polarization aberrations and include the retardance aberrations 
described above which result from intrinsic birefringence in cubic crystalline materials. 
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Additionally, these polarization aberrations include diattenuation, the variation in optical 
transmission with polarization. 

In cubic crystalline material, these polarization aberrations are significant enough to 
affect image quality in optical systems such as photolithography system used in 
5 semiconductor fabrication processing. Accordingly, methods and apparatus for reducing 
these aberrations have significant value. 

For ease of description, the cubic crystalline materials have crystal axis directions 
and planes described herein using the well-known Miller indices, which are integers with 
no common factors and that are inversely proportional to the intercepts of the crystal planes 

10 along the crystal axes. Lattice planes are given by the Miller indices in parentheses, e.g. 
(100), and axis directions in the direct lattice are given in square brackets, e.g. [111]. The 
crystal lattice direction, e.g. [Ill], may also be referred to as the [111] crystal axis of the 
material or optical element. The (100), (010), and (001) planes are equivalent in a cubic 
crystal and are collectively referred to as the {100} planes. 

15 As discussed above, for cubic crystalline materials, the magnitude of retardance 

depends on the direction of light propagation through the crystal with respect to the 
orientation of the crystal axes and the optical path length within the birefringent medium. 
For example, light propagating through an exemplary cubic crystalline optical element 
along the [110] crystal axis experiences the maximum retardance, while light propagating 

20 along the [100] crystal axis experiences no retardance. 

Unfortunately, when constructing optical systems from cubic crystalline materials 
such as calcium fluoride, the cost of the optical elements contributes significantly to the 
total cost of these optical systems. In particular, the expense of the materials used to 
fabricate the refractive optical elements drives up the cost. Moreover, optical elements 

25 comprising calcium fluoride having an optical axis directed along the [100] crystalline 
directions, which has the least retardance, is the most expensive to fabricate. Blanks for 
creating refractive elements having an optical axis corresponding to [110] are also 
expensive. In contrast, calcium fluoride grown (or cleaved) in the [111] direction is 
significantly less expensive to fabricate. However, as described above, optical elements 

30 having an optical axis generally coinciding with the [111] direction of the crystalline 
material although least expensive, possess intrinsic birefringence which introduces 
wavefront aberrations that degrade performance of optical systems such as image quality 
and resolution. Although both [100] and [1 1 1] optical elements have zero retardance along 
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their respective optical axes, for [100] optical elements, the retardance increases more 
slowly for rays further and further off-axis. 

FIGURE 1 is a schematic illustration of a projection optics section 100 of an 
exemplary lithography system. The optical system 100 shown in FIGURE 1 is 

5 substantially similar to the optical system shown and described in European Patent 
Application No. 1 115 019 A2 by D. Shafer et al This exemplary optical system 100 is a 
large format catadioptric projection lens having an NA of 0.8, designed for a wavelength of 
157.63 nm and which provides a 5X reduction. Such an optical system 100 is intended to 
be exemplary only and other optical imaging systems and non-imaging systems may be 

10 used in other embodiments. The optical system 100, however, may be the projection optics 
section of a lithography tool in one preferred embodiment. As shown in FIGURE 1, the 
projection lens 100 is disposed between a reticle 102 and a substrate 104. The reticle 102 
may be considered to correspond to the object field with the substrate 104 in the image 
field of the projection lens 100. 

15 The optical system 100 shown is a lens system, commonly referred to collectively 

as a "lens," comprising a plurality of, i.e., twenty-one, individual optical elements A1-A21, 
an optical axis 106, and aperture stop (AS) 108. The reticle 102 includes a mask pattern, 
which is to be projected onto a surface 110 of the substrate 104. Substrate 104 may, for 
example, be a semiconductor wafer used in the semiconductor manufacturing industry, and 

20 surface 110 may be coated with a photosensitive material, such as a photoresist commonly 
used in the semiconductor manufacturing industry. Other substrates may be used according 
to other embodiments and applications. Reticle 102 may be a photomask suitable for 
various microlithography tools. Generally speaking, the reticle or photomask, hereinafter 
referred to collectively as reticle 102, includes a pattern in the object field. The pattern 

25 may for example be clear and opaque sections, gray scale sections, clear sections with 
different phase shifts, or a combination of the above. Light is propagated through the 
pattern, and the pattern is projected through the lens system 100 and onto surface 110 of 
substrate 104. The pattern projected from the reticle 102 onto substrate surface 1 10 may be 
uniformly reduced in size to various degrees such as 5:1, 4:1 or others. The optical system 

30 100 may have a numerical aperture, NA, of 0.8, but is not so limited. Systems having other 
numerical apertures, such as for example between about 0.60 to 0.90 or beyond this range 
are conceivable. 
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The arrangement of the plurality of elements A1-A21, is intended to be exemplary 
only and various other arrangements of individual lens elements having various shapes and 
sizes and comprising different materials may be used according to other exemplary 
embodiments. The element thicknesses, spacings, radii of curvature, aspheric coefficients, 
5 and the like, are considered to be the lens prescription. This lens prescription is not limited 
and will vary with application, performance requirements, cost, and other design 
considerations. 

The optical system 100 shown in FIGURE 1, includes seventeen lens elements Al, 
A3-A5, A8-A20 as well as a window A21. These eighteen optical elements Al, A3-A5, 
10 A8-A21 are substantially optically transmissive at the wavelength of operation, i.e., for 
example to wavelengths of 157 nanometers. The optical system 100 further includes three 
reflective optical elements A2, A6, and A7, one of which is curved and has power (A6). 
More or less optical elements may be included in other designs. In other embodiments, 
these elements may be powered or unpowered, refractive, reflective, or diffractive and may 
15 be coated or uncoated. The individual optical elements, A1-A21, are arranged along the 
common optical axis 106 that extends through the lens 100. 

In the case where the optical system 100 comprises a plurality of individual lens 
elements Al, A3-A5, A8-A20, or other optically transmissive components, preferably one 
or more comprises cubic crystalline material. Cubic crystalline materials such as for 
20 example single crystal fluoride materials like strontium fluoride, barium fluoride, lithium 
fluoride, and calcium fluoride may be used. As discussed above, calcium fluoride is one 
preferred material for operation with ultraviolet (UV) light. In an exemplary embodiment, 
most or even all of the cubic crystalline optical elements are formed of the same cubic 
crystalline material. This cubic crystalline material may also have the same 
25 crystallographic orientation with respect to the optical axis of the lens 100. In one 
preferred embodiment, a majority of the lens elements comprise cubic crystal such as cubic 
crystal calcium fluoride having a <111> crystal axis substantially aligned with the optical 
axis, as these crystals are less expensive than other crystallographic directions. In one 
embodiment, all of the lens or powered optical elements comprise <111> crystal. Non- 
30 powered transmissive optical elements, for example, windows A21, if any, may also 
comprise <111> crystal. The lens 100 may also include substantially transmissive optical 
elements, which are formed of non-cubic crystalline material such as low-OH fused silica, 
also known as dry fused silica, 
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FIGURE 2 is a schematic illustration showing the optical system 100 functioning as 
the projection optics section within a larger lithography tool 50. FIGURE 2 shows an 
optical source 112 and the substrate 104. The reticle 102 is disposed between condenser 
optics 114 and projection optics 100. The optical field of reticle 102 may be of various 

5 dimensions. Each of the projection optics 100 and condenser optics 114 may include an 
aperture stop and a plurality of lens elements, windows, and/or other refractive, reflective, 
catadioptric, and diffractive members. The lithography tool 50 shown in FIGURE 2 is 
aligned along the optical axis 106. This lithography tool 50 may be a wafer stepper, 
projection printer, or other photolithography or microlithography tool used in the 

10 semiconductor industry. The lithography tool 50 may likewise be a scanning optical 
system, a step-and-repeat optical system or other rnicrolithography or projection optics 
system. In a scanning-type optical system, a pattern on reticle 102 is projected and scanned 
onto corresponding sections of surface 110 of substrate 104. In a step-and-repeat optical 
system, such as a conventional wafer stepper, the pattern on reticle 102, is projected onto 

15 multiple different portions of surface 110 in a plurality of discrete operations. In either 
case, the reticle pattern includes various field points which are projected onto surface 110 1 
simultaneously. 

The pattern printed on reticle 102 may be used to create a circuit pattern on surface 
1 10 for an integrated circuit device being fabricated on the substrate 104. The pattern may 

20 be projected onto a photosensitive material formed on the surface 1 10 to create an exposure 
pattern. The exposure pattern may be developed using conventional means, to produce a 
photo-pattern in the photosensitive material. The photo-pattern may be translated into the 
substrate 104 by etching or other method. A plurality of layers of materials can be 
deposited thereon. The surface 110 may be one of the layers and the photo-pattern formed 

25 on the layer. Etching or other techniques may be used to translate the photo-pattern into 
the layer. Similarly-formed photo-patterns may be used to enable spatially selective doping 
using known methods such as ion implantation. In this manner, multiple photolithographic 
operations, may be used to form various patterns in various layers to create a completed 
semiconductor device such as an integrated circuit. An advantage of the innovative 

30 techniques described herein is that images formed on the substrate 104 have sufficiently 
low aberration to enable precisely dimensioned and aligned device features to be created 
having reduced sizes. 
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In one exemplary scanning optical system, the optical field of the reticle 102 which 
is projected and scanned onto the substrate surface 110 has a height of few centimeters and 
a width of a few millimeters. Other field dimensions may be used which are suitable for 
the specific applications and may depend on the type of lithography tool in which the 
5 projection optics are included. Similarly, the format at the image plane where the wafer is 
located may vary as well. 

The optical source 112 produces light that is subsequently shaped and conditioned 
by condenser lens 114. The optical wavelength of source 112 may vary, and may be no 
greater than 248 nanometers in some cases. In one preferred embodiment, light having a 
10 wavelength of about 157 nanometers may be used. The optical source 112 may produce 
linearly polarized light. One optical source that produces linearly polarized light is an t 
excimer laser. In other embodiments, the optical source 112 may produce light having 
other polarizations or which is substantially non-polarized. A KrF excimer laser operating 
at about 248 nm, an ArF excimer laser operating at about 193 nm, or a F 2 excimer laser 
15 operating at about 157 nm, are examples of various optical sources 1 12. 

The light produced by the optical source 112 is shaped and conditioned by the 
condenser lens 114 and propagated through the reticle 102 and the projection optics 100 to 
project an image of the reticle 102 or photomask onto the substrate 1 10. This light may be 
described as a light beam comprised of a plurality of rays. In accordance with convention, 
20 the marginal ray is the ray from the point on the object field 102 intersecting the optical 
axis 106, to the edge of the aperture 108 and also intersects the axis 106 at the image field 
104. The chief ray is the ray from a given field point that passes through the center of the 
aperture stop 108 and system pupils in the optical system 100. For an object field point 
located where the optical axis 106 intersects the reticle 102, the chief ray travels along the 
25 optical axis 106. Light rays emanating from an individual object field point on the reticle 
or photomask 102 correspond to a wavefront that is propagated through the projection lens 
100 and are ideally focused down to a corresponding image field point at the substrate 104. 
The full image field is therefore generated by a plurality image field points with 
corresponding wavefronts associated therewith. 
30 As described above, these wavefronts may be aberrated as a result of retardance, 

which has magnitude and orientation that varies with direction in cubic crystalline 
materials, as a result of intrinsic birefringence. FIGURE 3 A is a three-dimensional vector 
plot showing the spatial variation in retardance axis orientation within a material having a 
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cubic crystalline lattice. The cubic crystalline lattice may be that of calcium fluoride, for 
example. The crystal axis directions shown in FIGURE 3A as well as in FIGURE 3B are 
described using Miller indices. FIGURE 3B is a three-dimensional plot corresponding to a 
quadrant of the vector plot shown in FIGURE 3 A, and depicts the corresponding magnitude 

5 of the retardance from a cubic crystal. It can be seen that the localized magnitude and axis 
of the retardance vary spatially throughout the crystal in a known fashion. It can also be 
seen that, depending on the direction along which light travels through such a cubic 
crystalline material, the retardance magnitude and the orientation of the retardance axis 
relative to the direction of propagation will vary. FIGURE 3B represents an octant of the 

10 crystal lattice; the extension of this diagram to all possible directions through the crystal 
gives twelve directions with maximum retardance, herein referred to as retardance lobes. 

The crystalline material can therefore be advantageously out along a given plane 
and arranged such that light normal to that plane travels along a chosen axis direction. For 
example, light traveling along the [100] crystal axis 130 (i.e. along the [100] crystal lattice 

15 direction), which is oriented normal to the (100) crystal lattice plane 132, sees a fixed and 
deterministic localized retardance. The retardance magnitude and retardance axis direction 
encountered by a given ray therefore varies as a function of the direction along which the 
light ray travels through the crystal. 

FIGURE 4 is a perspective view showing angular relationships between various 

20 directions through an exemplary cubic crystalline lattice. The cubic crystalline lattice may 
be that of calcium fluoride, for example. FIGURE 4 includes the peak retardance 
directions along the [101], [110], and [011] lattice directions, indicated by lines 142, 144, 
and 146, respectively. Line 140 represents the [111] crystal axis direction, which 
corresponds to a direction through the crystal with no retardance. 

25 FIGURES 5A, 5B, and 5C are schematic representations of the variations in 

retardance magnitude per unit length in the crystal and retardance axis orientation in 
angular space for optical axis 106 orientations in the [110], [100], and [111] lattice 
directions, respectively, for the cubic crystalline lattice structure shown in FIGURE 4. The 
total retardance through a crystal is the product of the retardance per unit length for a given 

30 ray and the path length. The center of the plot represents the retardance encountered by a 
ray traveling along the indicated crystal axis and normal to the plane of the illustration. 
Retardance depicted at increased radial distance from the center represents the retardance 
for rays at increased angles of propagation with respect to the optical axis 106. These plots, 
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therefore can be used to visualize the retardance encountered from a plurality of rays 
emanating from a point, e.g. on the optical axis 106 through a lens element comprising for 
example [111] material. The ray through the optical axis 106 propagates in the [111] 
direction through the center of the lens element and encounters a retardance with 
5 magnitude and orientation specified at the center of the plot. A ray emanating from the 
point on the axis but angled will experience retardance specified by the direction indicated 
on these plots. In each of FIGURES 5A-5C, the localized retardance axis is indicated by 
the direction of lines plotted on a square grid, and the magnitude is indicated by the relative 
length of the lines. 

10 The variation of retardance magnitude in FIGURES 5A-5C is characterized by 

several lobes, also referred to as nodes, distributed azimuthally in which the retardance is 
maximized. Each of FIGURES 5A-5C shows peak retardance lobes with respect to the 
various crystal axis directions in the cubic crystalline lattice shown in FIGURE 4. The 
spatial orientation of the cubic crystalline lattice is indicated by the other related crystalline 

15 lattice directions indicated by the arrows. For example, in FIGURE 5 A in which the center 
represents retardance encountered by a ray traveling along the [110] crystal axis, a ray 
traveling along the [101] lattice direction is at a greater angle with respect to the [110] 
crystal axis than a ray traveling along the [1 1 1] lattice direction; these ray angles are at 60° 
and 35.3°, respectively. This is indicated by the [101] arrowhead positioned at a greater 

20 radial distance from center than the [1 1 1] arrowhead. The relative azimuthal directions of 
the indicated [100], [101], and [111] lattice directions are as shown in FIGURE 4. This 
description applies to FIGURES 5B and 5C as well. 

Referring to FIGURES 5A-5C, in each case, the indicated crystal axis is the 
direction normal to the plane of the paper and at the center of each of the respective figures. 

25 FIGURE 5A shows retardance with respect to the [110] lattice direction, including peak 
retardance lobes 150A, 150B, 150C and 150D, each which forms an angle of 60° with 
respect to the [110] crystal axis direction. [110] retardance also includes a central 
retardance node. FIGURE 5B shows retardance with respect to the [100] lattice direction, 
including peak retardance lobes 152A, 152B, 152C and 152D each of which forms a 45° 

30 angle with respect to the [100] crystal axis direction. Near the [100] axis, the retardance 
exhibits a substantial circular symmetry with redardance axis oriented tangentially about 
the [100] axis. There are also peaks along the diagonals at 90° not depicted. FIGURE 5C 
shows retardance along the [111] lattice direction. The [111] cubic crystal exhibits a 
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complex substantially three-fold retardance symmetry near the [11 1] axis. This retardance 
plot includes peak retardance lobes 154A, 154B, and 154C, each of which forms an angle 
of 35.3° with respect to the [1 11] crystal lattice direction. 

The crystal lattice and resulting retardance lobes with respect to the crystal axes 
5 such as shown in FIGURES 5A-5C, correspond to the exemplary case in which the cubic 
crystals are negative cubic crystals; that is the ordinary refractive index is greater than the 
extraordinary index, so the birefringence, n e - n 09 is negative. Calcium fluoride is an 
example of a negative cubic crystal. For positive cubic crystals, the patterns would be 
substantially similar except the lines would be each rotated by 90 degrees about their 

10 midpoints. It should be understood that other cubic crystalline optical elements such as 
barium fluoride, Uthium fluoride, and strontium fluoride as well as other materials might be 
used to form optical elements. With respect to any cubic crystalline material used, the 
variations in the retardance direction and magnitude can be measured, or calculated using 
computer modeling. Furthermore, the variations in retardance direction and magnitude of 

15 an optical material may also be measured. Graphical representations of the variations in 
retardance magnitude and axis orientations similar to those shown in FIGURES 5A-5C can 
be similarly generated for each of the aforementioned cubic crystalline materials. 

Referring again to FIGURE 1, it can be understood that each of the individual 
transmissive optical elements Al, A3-A5, and A8-A21 may be formed of the same cubic 

20 crystalline optical material such as calcium fluoride. Moreover, these optical elements may 
be formed from cubic crystal having the same crystal orientation, e.g., [110], [100], or 
[111] cubic crystal, and may be arranged with substantially the same lattice orientation 
aligned with the optical axis 106, For example, the optical elements Al, A3-A5, and A8- 
A21 may be oriented such that their [110] axes are aligned substantially parallel to the 

25 optical axis 106. In this case then, the net retardance of the lens system 100 will have a 
retardance that varies across the system exit pupil in a similar manner to the angular 
retardance variation shown schematically in FIGURE 5A. Similarly, if all the optical 
elements Al, A3-A5, and A8-A21 are aligned with their [100] axes substantially parallel to 
the optical axis 106, then the net retardance of the lens system 100 will have a retardance 

30 that varies across the system exit pupil in a similar manner to the angular retardance 
variation shown schematically in FIGURE 5B. 

Likewise, if all the optical elements Al, A3-A5, and A8-A21 are aligned with their 
[1 1 1] axes substantially parallel to the optical axis 106 then the net retardance of the lens 
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system 100 will have a retardance that varies across the system exit pupil in a similar 
manner to the angular retardance variation depicted schematically in FIGURE 5C. 
Accordingly, for a lens 100 comprising a plurality of [111] optical elements with the 
respective [111] crystal directions aligned substantially along the optical axis 106, the 

5 retardance distribution includes peak retardance lobes 154A, 154B, and 154C, each of 
which forms an angle of 35.3° with respect to the [111] crystal lattice direction. Also as 
illustrated in FIGURE 5C, a large portion of the local retardance axes within these lobes 
154A, 154B, and 154C are oriented substantially radially away from the [111] axis. An 
inset to FIGS. 5C depicts an exemplary radial direction represented by a vector R 

10 extending from a center point, C. This centerpoint, C, is coincident with the optical axis 
106, (i.e. the Z axis) which is shown in the inset at the intersection of X and Y axes. 

Located between these retardance lobes 154A, 154B, 154C are sections 164A, 
164B, 164C corresponding to generally lower retardance than within the lobes. As shown, 
the retardance axes in these sections 164A, 164B, 164C, are not substantially radially 

15 directed, i.e. oriented in a radial direction away from the optical axis 106, as are the 
retardance axes found in the lobes 154A, 154B, and 154C. Accordingly, for many lenses 
100 comprising a plurality of [111] optical elements with the respective [111] crystal 
directions aligned substantially identically along the optical axis, the retardance oscillates 
between high and low values in the tangential direction, T, that is along circular paths 170 

20 centered about the optical axis 106 as depicted in the inset. Thus, sampling the distribution 
of rays passing through the exit pupil by sweeping azimuthally 360 degrees about the 
optical axis 106, which corresponds to the angular direction <p 9 the magnitude of the 
retardance may increase and decrease. In addition, the retardance axes are oriented more 
in a radial direction in the peak regions 154 A, 154B, and 154C, than in the sections 164A, 

25 164B, 164C between these lobes, especially at positions in the pupil farther from the optical 
axis 106. For numerical apertures greater than about 0.5, this non-circularly symmetric 
effect will likely be present. With smaller numerical apertures, and likewise smaller 
aperture stops and entrance and exit pupils, a level of circular symmetry may be 
discernable. However, for large apertures and pupils and larger bundles of rays, defined by 

30 larger f-numbers and numerical apertures, the observed pattern are more likely to be non- 
circularly symmetric. 

As described below, the local retardance axes in retardance patterns presented 
herein describe local retardance effects experienced by a bundle of rays propagating though 
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one or more optical elements. This bundle of rays may for example extend as a cone from 
a point on-axis. The expanse of this cone of rays may be defined by a solid angle or 
numerical aperture. Different rays of light in this cone will be incident on the optical 
element or elements at different locations. Similarly, these different rays will also be 
5 located at different positions in the aperture or pupils associated with the optical element or 
plurality of optical elements. Moreover, these different rays of light will be incident on the 
optical element(s) at different vertical and horizontal angles and have different path lengths 
through the optical elements. The variation in vertical and horizontal angle and optical 
path length results in different retardance which may be characterized by the retardance 
10 patterns or retardance distributions mapped across a selected region such as a reference 
plane or reference sphere. The retardance pattern may, for example, be mapped at the exit 

pupil. These local retardance axes are therefore constructs used to characterize the 

f 

retardance encountered by a ray of light passing through a specific location in the pupil. 

Retardance patterns correspond to distributions of the retardance experienced by a plurality 
1 5 of rays of light at, for example, a reference sphere at the pupil. Another construct useful for 

characterizing the retardance of an optical system 100 are the eigenpolarization states as 

discussed more fully below. 

The actual retardance experienced by this bundle of rays propagating through the 

optical system 100 will depend on the optical properties of the elements as determined, for 
20 example, by their shapes, thicknesses, and separations, etc. In addition, the retardance 

pattern may be affected by the field angle. In the discussion above with respect to FIG. 5C, 

wherein the optical axis 106 is aligned with the [111] direction, the bundle of rays was 

assumed to pass through on-axis image and object points. 

Other configurations, however, are possible. In various preferred embodiments 
25 described herein, one or more of the optical elements Al, A3-A5, and A8-A21 are rotated 

about the optical axis 106 to alter the retardance distribution. The process of generally 

rotating one or more of the transmissive optical elements Al, A3-A5, and A8-A21 about 

the optical axis 106 is referred to as clocking. 

In various preferred embodiments described herein, [111] cubic crystal optical 
30 elements, are clocked to provide more uniform retardance characteristics for rays 

propagating through the lens system 100. Preferably, this azimuthal rotation in the ±9 

direction, causes the regions 154A, 154B, 154C and 164A, 164B, and 164C associated with 

the optical elements Al, A3-A5, and A8-A21 to overlap and merge, forming a more 
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homogeneous retardance distribution. For example, one or more of the optical elements 
Al, A3-A5, and A8-A21 may be rotated clockwise or counter-clockwise such that the lobes 
154A, 154B, 154C associated with the rotated elements are superimposed on the sections 
164A, 164B, 164C between the lobes 154A, 154B, 154C of other elements. Contributions 

5 of retardance at the lobes 154A, 154B, 154C can be introduced into sections 164 A, 164B, 
164C between lobes. As a consequence, the differences between the retardance lobes 
154A, 154B, and 154C and sections 164A, 164B, 164C there between is reduced. The 
result in a more uniform, less varied, distribution of retardance, both in amplitude and 
orientation. Accordingly, the three retardance peaks 154A, 154B, and 154C shown in FIG. 

10 5C are not as pronounced or are more preferably substantially removed. Variation along 
concentric circular paths about the optic axis 106 is preferably reduced. In addition to 
decreasing change in magnitude of retardance, the retardance axes are preferably more 
radially directed as a result of the rotations. The radially directed retardance axis in the 
lobes 154A, 154B, 154C is preferably introduced into the sections between the lobes 164A, 

15 164B, and 164C as the optical elements Al, A3-A5, and A8-A21 are rotated to provide 
overlap of the two types of regions associated with separate optical elements. The result, is 
preferably a lens system 100 having a retardance pattern, for example, in the exit pupil 
plane, having substantially radially directed retardance axes extending in each radial 
direction about the optical axis 106. 

20 The contributions of the retardance in the lobes 154A, 154B, 154C preferably 

provides a more circularly symmetric retardance pattern having more radially oriented 
retardance axes as measured for example at the exit pupil of a lens system 100 having 
numerical aperture of greater than about 0.5. More preferably, such retardance 
characteristics are achievable for lens systems 100 having numerical apertures of greater 

25 than about 0.75 or 0.85. Substantially circularly symmetric retardance patterns at the exit 
pupil of the lens 100 at least for on-axis fields angles is preferably obtained for a first 
portion of the optical elements in the lens 100. 

In various embodiments, the retardance as measured at the pupil is preferably about 
50, 75, or 90 percent or more circularly symmetric about the optical axis 106 for on-axis 

30 field points. Moreover, the circular symmetry is such that the magnitude of retardance 
varies less than about 30%, and more preferably less than about 20% or 10%, around a 
circular path about the optical axis 106 for axial field points. In addition, more than about 
70%, and more preferably greater than about 80 or 90%, of the local birefiingene axes are 
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substantially radially directed around circular paths about the optical axis 106 in the used 
clear aperture at least for on-axis field points. The RMS retardance, however, resulting 
from this first portion, which preferably comprises [1 1 1] cubic crystalline optical elements, 
may be at least about 0.1 RMS wave, 0.5 RMS waves or higher for numerical apertures of 
5 about 0.5 to 0.7 or higher. Systems having lower retardance, for example, about 0.01 RMS 
or lower, are also possible. These values may apply to on-axis fields. 

To reduce the net retardance of the lens 100, this first portion of the lens 100 is 
included together with a second portion comprising one or more additional optical element 
that possesses a conjugate retardance pattern. The retardance of the second portion 

10 preferably at least partially cancels the retardance effects contributed by of the first portion. 
The result is a reduced net retardance for the lens system 1 00. 

Accordingly, the optical element or elements in the second portion preferably 
impart a retardance as measured for example at the exit pupil that is substantially circularly 
symmetric about the optical axis 106. These element(s) also preferably have retardance 

15 orthogonal to the radially directed retardance associated with the optical elements in the 
first portion of the lens system 100, The local retardance axes of the second portion of the 
lens 100 is therefore preferably tangentially directed, i.e., the local retardance axes 
preferably are substantially oriented along or tangential to concentric circular paths 170 
centered about the optical axis 106. The tangential retardance of the second portion is 

20 substantially orthogonal and opposite to the radial retardance pattern associated with the 
first portion of the lens 100 and thus the two at least partially cancel or offset each other. 

Such compensation is preferably provided for optical systems 100 having numerical 
apertures greater than about a 0.5 numerical aperture. The contributions of the two portions 
to the net retardance, for example, at the exit pupil is preferable substantially, similar in 

25 magnitude yet opposite at least for on-axis field points so as to counter each other. 
Preferably, however, sufficient correction is provided for off-axis field points as well. 

In various preferred embodiments, the result is preferably wavefront correction to a 
level of a few waves across the used clear aperture. Similarly, the retardance induced 
phase variation is between about 0.1 to 1% or less across the beam. 

30 A tangential retardance pattern suitable for use in the second portion of the lens 100 

may be provided by a negative uniaxial crystal. Various negative uniaxial crystals have 
substantially circularly symmetric retardance distributions with local retardance axes 
directed radially from a central region. Such negative uniaxial crystals, however, are 
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generally not substantially optically transmissive to UV wavelengths equal to or less than 
for example about 248 nanometers, 193 nanometers, or 157 nanometers. 

A tangential retardance pattern may also be provided by an optical element 
comprising a uniaxial birefringent medium, i.e., a medium having a single real birefringent 
5 axis or optic axis associated with the medium. Preferably, this uniaxial birefringent axis is 
aligned substantially parallel to the optical axis 106 through the birefringent medium such 
that a tangentially directed birefringent pattern in produced. 

The localized retardance axes distributed across the designated reference plane or 
sphere such as a pupil or aperture are different from the physical birefringence axis 
10 associated with an optically transmissive material or medium. The local retardance axes 
describe the affect of the physical birefringence axis or axes associated with the material or 
medium used to form the optical element or elements on a plurality of rays propagating 
through the optical system 100. Accordingly, the localized retardance axes and more 
broadly the retardance patterns vary with the numerical aperture and the field angle. 
15 Additionally, in contrast with the real birefringence axis or axes of a birefringent material 
or medium, the localized retardance axes, may vary with the prescription of the lens 100. 
The birefringence axis or axes are material properties, which create variations in 
retardance, retardance patterns, or retardance distributions in a lens system. 

The geometry of an optical element comprising a uniaxial medium with a single 
20 birefringent axis aligned along the optical axis 106 produces a tangential retardance pattern. 
Namely, this pattern includes localized retardance axes, e.g., at the exit pupil, that are 
tangential to concentric circular paths 170 centered about the optical axis 106. 
Accordingly, a uniaxial birefringent medium is a suitable candidate for the optical element 
or elements in the second portion of the lens 100. Elements comprising this uniaxial 
25 birefringent medium in the second portion may offset the birefringence and retardance 
associated with the first portion of the lens system 100 described above as having a radial 
directed retardance distribution. 

A uniaxial medium can be provided by applying stress to an optical element as 
shown in FIGS. 6A and 6B. Stressing a flat rectangular plate 180 having front and rear 
30 planar surfaces on its four sides or edges 182 can create a substantially uniform stress 
distribution across the planar surfaces. Accordingly, the magnitude of the birefringence 
will be substantially the same across the rectangular spatial extent of the plate 180. In FIG. 
6 A, the applied stress is represented by arrows 184. Preferably, the stress is applied 
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unifonnly, i.e., the amount of stress applied in each direction is substantially the same, 
although other designs are possible. The refractive index will vary as in a uniaxial crystal, 
which has a single optic or birefringence axis. Similarly, the stressed flat rectangular plate 
180 has a single birefringence axis and is a uniaxial birefringent medium. This single 

5 birefringence axis is normal to the plane of the applied stress, i.e., in the Z direction which 
is normal to the X-Y plane. Accordingly, light propagating along the birefringence axis 
(i.e., parallel to the Z axis) is not retarded as the electric fields are in the X-Y plane. In 
contrast, maximum retardance is produced for light propagating in the applied stress plane, 
i.e., in the X-Y plane, which has orthogonal polarizations parallel and perpendicular to the 

1 0 birefringence axis. 

The plate 180 itself may comprise, for example, cubic crystal such as cubic 
crystalline calcium fluoride as well as other materials. For a uniaxial birefringent plate 
constructed by applying stress to a cubic crystalline substrate, the stress birefringence 
coefficient is highest when the [100] crystal lattice direction is oriented along the system 

15 optical axis 106. The stress birefringence coefficient along the [100] direction is over 4 
times larger than the coefficient along the [111] lattice direction (Alternative Materials 
Development (LITJ216) Final Report - Stress Birefringence, Intrinsic Birefringence, and 
Index Properties of 157 nm Refractive Materials, International SEMATECH, 2/28/02, J. 
Burnett and R. Morton). Thus, for a given plate thickness, the stress necessary to create a 

20 given retardance may be substantially reduced or minimized by orienting the plate with its 
[100] crystal lattice direction along the optical axis 106. The cubic crystalline stress 
elements are often used with the [100] orientation (see, e.g., U.S. Patent 6,201,634 issued to 
S. Sakuma). 

A substantially uniform compressive hoop stress can also be applied to the 
25 perimeter 192 of a circular window 190 such shown in FIG. 6B to produce a circular 
uniaxial birefringent plate. Preferably, the result is a substantially uniform magnitude of 
birefringence over the circular area of the circular window. The applied stress is indicated 
by arrows 194. For example, a clamp, brace, or other structure around the perimeter of the 
window 190 can be employed to apply compressive forces. 
30 Oppositely directed force induces opposite birefringence. Compressive and tensile 

forces applied to cubic crystalline calcium fluoride may be used to induce the appropriate 
type (i.e., negative or positive) of birefringence. 
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FIGURE 7 is a graphical illustration showing the net retardance across the exit 
pupil for light propagating through a stressed flat plate 180, 190 such as discussed above. 
In this simulation, retardance is computed for a cone of light rays through the stressed plate 
180, 190 corresponding to a numerical aperture of 0.85. Also in this example, the plate 
5 180, 190 was assumed to have a thickness of 20 millimeter (mm) and to comprise [100] 
cubic crystalline calcium fluoride with its [100] crystal axis parallel with the optical axis 
106. 

In these plots, and the retardance pupil maps to follow, the retardance is shown on a 
square grid across the system exit pupil for the optical system of interest. As described 

10 above, the retardance will generally vary across a wavefiront propagating through a 
birefiingent optical system. Accordingly, the retardance will be different for different 
locations across a cross-section of the beam. The variation plotted in these retardance maps 
is that across the exit pupil of the optical system 100. 

The retardance plots are described in general by ellipses, which sometimes 

15 degenerate into lines that show one of the eigenpolarization states. As defined above, the 
eigenpolarization state is a polarization state that remains unchanged for a ray propagating 
through the optical system at given pupil coordinates. The eigenpolarization in the plots is 
the slow eigenpolarization state. The fast and the slow eigenpolarizations are orthogonal. 
The fast eigenpolarization state corresponds to the eigenpolarization shown in the plot 

20 rotated 90° about its center. For example, if the local retardance, be it linear or elliptical, is 
in the vertical direction, the slow eigenpolarization state will be oriented in the vertical 
direction and the fast eigenpolarization state will be oriented horizontally. The direction of 
the ellipse is defined by its major axis; for a vertical ellipse, the major axis is oriented in the 
vertical direction. We refer to the major axis as the retardance axis. The size of the ellipse 

25 or length of the line at a given pupil coordinate is proportional to the relative strength of the 
retardance, i.e., the phase shift between the fast and slow eigenpolarizations. 

Also, for the lenses and corresponding retardance maps, the coordinates are defined 
using a right-handed coordinate system such that the system optical axis is in the +Z 
direction from the object towards the image plane, the +Y axis is in the vertical direction, 

30 and the +X direction is orthogonal to the Y and Z axes. For the exit pupil retardance and 
wavefront maps, the plots describe variations over an exit pupil reference sphere for a 
given field point using a Cartesian coordinate system, where the X and Y coordinates are 
coordinates on the reference sphere projected onto a plane perpendicular to the chief ray. 
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The retardance distribution shown in FIGURE 7 illustrates the effects of stress 
induced birefringence on a beam of light. This beam can be conceptualized as a bundle of 
rays propagating through the stressed optical element. More particularly, the retardance 
across the exit pupil for a beam of light may be represented by a bundle of rays emanating 
5 from an object point on the optical axis 106 through the plate 180, 190 to a location on the 
image field ideally also located on the optical axis 106. This beam and corresponding 
bundle of rays fills a real or constructive aperture associated with the plate 180, 190 and 
also fills the exit pupil. The retardance map in FIGURE 7 displays the retardance for rays 
at each of the locations shown in the exit pupil. These retardance plots thus represent the 
10 retardance sampled across this particular beam at the exit pupil. 

The peak retardance computed in this example is approximately 0.48 waves at a 
wavelength of 157.63 nanometers, and the RMS retardance value across the pupil is about 
0.12 waves. The retardance was computed for a numerical aperture of about 0,85 and an 
on-axis field location. 

15 The retardance plot was obtained by simulating the application of about 1000 

pounds of stress applied to a [100] calcium fluoride crystal. The magnitude of the uniaxial 
stress birefringence scales linearly with stress. The stress-optical coefficient q 4 4 of 0.46 x 
10" 12 Pa" 1 at a wavelength of about 157 nanometers has been suggested by Burnett and 
Morton in Alternative Materials Development (LITJ216) Final Report - Stress 

20 Birefringence, Intrinsic Birefringence, and Index Properties of 157 nm Refractive 
Materials, International SEMATECH, 2/28/02) yielding a uniaxial stress birefringence of 
about -1 x 10" 5 . Higher or lower applied stresses may be possible, however, stresses of less 
than 1000 pounds are preferred as calcium fluoride (CaF 2 ) may be considered relatively 
fragile. The cubic crystal plate was also assumed to have a cubic intrinsic birefringence of 

25 about -1.1 x 10" 6 for purposed of these calculations. The values employed in 
approximating retardance of the stressed plate 180, 190 are for illustrative purposes. Other 
values may be used in other simulations as appropriate. 

As illustrated, the stress-induced birefringence yields a tangential retardance 
pattern, i.e., one wherein the orientation of the plotted eigenpolarization state is 

30 substantially tangential to concentric circular paths 170 centered around the optical axis 
106. The resultant pattern is also largely circularly symmetric, both in magnitude and 
orientation of the plotted eigenpolarization state. This pattern resembles that produced by a 
negative uniaxial crystal having a single birefringence or optic axis and negative 
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birefringence, since the stress birefringence is much larger than the intrinsic birefringence 
(1 x 10" 5 versus -1.1 x 10" 6 ). Accordingly, the application of stress is a way of obtaining a 
birefringent structure that behaves substantially like a material having a single 
birefringence axis. 

5 Stress can be applied to lenses to provide tangentially directed retardation patterns. 

The magnitude of the stress will not be uniform across the aperture of the lens, rather, the 
stress will be larger or smaller at different locations. Thus, the birefringence of the lens 
will not be uniform and the lens material cannot be modeled as a homogenous uniaxial 
crystal. However, the variation in birefringence across the lens can provide additional 

10 degrees of freedom for the reduction of the retardance aberrations in lenses with intrinsic 
birefringent elements 

Another technique for obtaining a uniaxial birefringent structure or medium is 
through form bfrefringence. In various preferred embodiments, optical birefringence and 
more particularly form birefringence is obtained in a stack of alternating thin layers of 

15 material having different refractive indices. Specifically, when the layer thickness are 
much smaller than the wavelength of light propagating therethrough, the resultant 
birefringence of the aggregate structure is similar to that of a uniaxial crystal having a 
single crystal axis substantially parallel to the optical axis. See, for example, Yeh and Gu, 
"Optics of Liquid Crystal Displays", John Wiley & Sons., Inc. 1999, pp. 381-384. 

20 An exemplary form birefringent structure comprising a stratified medium 200 

formed on a surface 201 of an optical element 202 is shown in FIGURE 8. This multilayer 
structure 200 is preferably substantially optically transmissive to the wavelength of 
operation, which may be ultraviolet. This multilayer structure 200 comprises alternating 
layers 204, 206 of materials stacked on each other. The alternating layers 204, 206 

25 preferably have different indices of refraction. 

Three pairs of such layers 204, 206 are depicted for illustrative purposes, however, 
the multilayer structure 200 is not limited to this number. More layers 204, 206 are 
preferred. The number of pairs of layers 204, 206 may, for example be greater than 50 
layers and preferably are between about 100 to 2000. More or less layers are also possible. 

30 In addition, although the thickness of the alternating layers 204 and 206 are shown as 
similar in FIGURE 8, the design is not so limited. The layers 204 and 206 may have 
different thicknesses. 



30 



WO 2004/019077 



PCTYUS2003/026164 



The alternating layers 204 and 206 may, for example, have indices of refraction ni 
and n2, respectively. In the case where the thicknesses of these layers are less than the 
wavelength of light, interference effects can be substantially avoided, and the multilayer 
structure 200 will exhibit optical anisotropy. Moreover, the stack 200 behaves like a 
5 negative birefringent medium wherein w e , the index of refraction for extraordinary rays is 
less than, n 09 the index for ordinary rays (i.e., n e < n 0 ). Preferably, the thicknesses of these 
two layers are substantially equal also, to maximize birefringence. The maximum 

birefringence for the multilayer structure is given by the following equation: 

In certain preferred embodiments for use with 157 nanometer light, one 204 of the 

10 alternating layers may comprise lanthanum fluoride LaF 2 or gadolinium fluoride GdF 3 
having an index of refraction of about 1.8 while the other 206 of the alternating layers may 
comprise aluminum fluoride AIF3 and magnesium fluoride MgF 2 having an index of 
refraction of about 1.47, The resultant birefringence is approximately -0.04. (This value is 
a maximum birefringence, i.e., the maximum difference between the ordinary and 

15 extraordinary refractive indices. The maximum occurs when light rays propagate in the 
plane of the layers. There is approximately zero birefringence when the rays are normally 
incident on the plurality of layer.) Other variations and other materials are also suitable. 

The multilayer structure 200 may comprise a thin film coating formed on an optical 
element 202 such as but not limited to a powered refractive element, a plate or window, a 

20 reflector or a diffractive optical element. The thin film coating can be on a flat or curved 
surface. Such curvature may affect the retardance distribution and provides an additional 
degree of freedom for controlling retardance. The local birefringence axis will be along the 
surface normal. Additionally, forming the thin film coating on curved surface allows 
integration of the uniaxial birefringent medium with powered optical elements. 

25 Conventional thin film deposition and/or fabrication techniques may be employed to create 
such a structure 200, however, other methods including those not yet developed are 
considered possible. 

As discussed above, the multilayer structure 200 behaves like a uniaxial crystal 
having a local birefringent or crystal axis normal to the stack of layers, i.e., in the Z 
30 direction illustrated in FIG. 8. The birefringent axis, which is normal to the interfaces 
between the alternating layers 204, 206 is preferably parallel to the optical axis 106 of the 
optical element 202 and the optical system 100 in which it is included. In addition, the 
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magnitude of the birefringence is preferably uniform across the resultant form birefringent 
optical element. For example, for a coating on a circular plate, the magnitude of the 
birefringence is preferably substantially constant across the circular spatial extent of the 
plate. The effect of the birefringence will be different at different locations across the 

5 plate, if the angle of light incident on the plate is dissimilar at these different locations as 
shown by the retardance distributions. 

FIGURE 9 is a graphical illustration showing the net retardance across the exit 
pupil for light propagating through a form birefringence medium such as the thin film 
coating structure 200 as shown in FIGURE 8. In this example, the thin film coating has a 

10 thickness of 1 micron (|xm) and has a form birefringence of about -0.04. Retardance is 
computed for a cone of light rays through the form birefringence coating corresponding to a 
numerical aperture of about 0.85. The cone is normally disposed with respect to the 
coating. 

As illustrated, the form birefringence multilayer thin film structure 200 yields a 
15 tangential retardance pattern, i.e., one wherein the orientation of the plotted 
eigenpolarization state is substantially tangential to concentric circular paths 170 centered 
around the optical axis 106. The resultant pattern is also largely circularly symmetric, both 
in magnitude and orientation of the plotted eigenpolarization state. This pattern resembles 
that produced by a negative uniaxial crystal having a single birefringence axis and negative 
20 birefringence. Accordingly, the deposition of a form birefringent coating is a way of 
obtaining a uniaxial birefringent structure that behaves like a uniaxial crystal. 

Form birefringence may also be obtained for thin films having microstructures 
therein, wherein the dimension of the microstructures are smaller than the wavelength of 
light. Form birefringence in composite media are also discussed in, e.g., Yeh and Gu, 
25 "Optics of Liquid Crystal Displays", John Wiley & Sons., Inc. 1999, pp. 381-384. In 
various other embodiments, such composite media that produces form birefringence may 
also be employed. 

The techniques described above for reducing polarization aberrations caused by 
intrinsic birefringence are particularly well suited for providing wavefront correction of 
30 imaging systems used for photolithography, fri addition to the rigorous performance 
requirements associated with this application, photolithography lenses often include a large 
number of large refractive and other transmissive optical elements, which together 
contribute a significant amount of retardance. Wavefront error caused by retardation 
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aberrations can therefore substantially limit the resultant resolution obtained by the 
photolithographic projection system. 

An exemplary projection lens 100, one which contains twenty-one optical elements 
A1-A21, eighteen of which are substantially optically transmissive to the wavelength of 

5 operation, is illustrated in FIGURE 1. As discussed above, a similar lens is provided in the 
tenth embodiment of European Patent Application No. 1 115 019 A2 by D. Shafer et al. 
This optical system 100 is designed to operate at a central wavelength of 157.63 
nanometers. The lens 100 provides approximately 5X reduction at a numerical aperture of 
about 0.80, and has a rectangular image field with dimensions of about 22 mm to 7 mm. 

10 The center of the field is offset from the optical axis 106 by about 4.6 mm. The exemplary 
design employs seventeen lenses Al, A3-A5, A8-A20, one concave mirror A6 and a planar 
protecting plate A21. Two other mirrors A2, A7 direct the optical beam along a separate 
arm of the system 100. Each of the lenses Al, A3-A5, A8-A20 as well as the window A21 
are formed of calcium fluoride. 

15 Retardation aberrations are calculated for a similar lens having a similar 

prescription as disclosed in European Patent Application No. 1 115 019 with each of the 
lens elements comprising [111] cubic crystalline calcium fluoride having crystal axes 
substantially identically aligned. Each of these transmissive components Al, A3-A5, A8- 
A20, and A21 is assumed to have an intrinsic birefringence of about -1.1 x 10" 6 in these 

20 baseline computations. The actual value of intrinsic birefringence may vary. As discussed 
above, the exemplary system 100 includes an optical axis 106. The twenty-one (21) optical 
elements A1-A21 are aligned along this optical axis 106. An optical beam propagates 
along the optical axis 106, from the object plane 102 to the image plane 104 through the 
elements Al, A3-A5, A8-A20, and A21 in the lens 100. As indicated above, a plurality of 

25 mirrors A2, A6, A7 direct the light along an arm of the system 100 that include several 
refractive optical elements A3, A4, A5 through which the beam passes twice. Radii and 
some aspheric coefficients were optimized to improve wavefront errors before intrinsic 
birefringence was added. 

When the effects of intrinsic birefringence associated with the cubic crystalline lens 

30 material are taken into account, system performance degrades significantly. FIGURES 
10A and 10B are graphical illustrations showing the net retardance across the system exit 
pupil for field points at the center and edge of the field, respectively, according to an 
exemplary embodiment in which all transmissive elements Al, A3-A5, A8-A20, and A21, 

33 



WO 2004/019077 



PCT/US2003/026164 



shown in FIGURE 1, are identically aligned in three dimensions, with the elements having 
their [111] crystal axis direction along the optical axis 106. FIGURES 10A and 10B 
include the effects of intrinsic birefringence. FIGURE 10A shows the net retardance at 
various positions across the exit pupil for a beam of light originating from a point in the 
5 object field location which is 0 mm away from the optical axis 106. FIGURE 10B 
quantifies the net retardance at various locations across the exit pupil for a beam of light 
originating from an off-axis point in the object field. These two points correspond to center 
and edge field points, respectively. This edge field point may, for example, map into a 
point at the edge of the frame of a photolithography instrument for processing 

10 semiconductor wafers. The peak-to-valley retardance due to intrinsic birefringence in this 
exemplary arrangement is approximately 1 wave on-axis and at the extreme field. 

In this preceding example, as illustrated in 1 FIGURES 10A-10B, the intrinsic 
birefringence produces large retardance aberrations and consequently large wavefront 
aberrations when each of the substantially optically transmissive elements Al, A3-A5, A8- 

15 A20, and A21 comprise [111] cubic crystal calcium fluoride having the respective crystal 
axes oriented identically. Without compensation, this wavefront aberration strongly 
exceeds the allowable wavefront error for high precision photolithography. 

The retardance, however, can be reduced by clocking the [111] cubic crystal 
elements in a first portion of the optical system 100 and introducing a uniaxial birefringent 

20 element in a second portion of the optical system. Preferably, this uniaxial birefringent 
element comprises a medium having a single birefringence axis and a negative 
birefringence. Moreover, the retardance in the two portions preferably cancel, yielding a 
net reduction in retardance aberration. 

FIGURE 11 illustrates a similar photolithography system as that presented in 

25 FIGURE 1 comprising a plurality of [111] cubic crystal optical element Al, A3-A5, A8- 
A21. Additionally, however, a stressed plate A22 having uniaxial birefringence has been 
included. This stressed plate A22 preferably comprises a rectangular plate stressed along 
two orthogonal axes such as depicted in FIGURE 6A. These results also apply to a circular 
plate as well where the stress is uniform throughout the portion of plate through which the 

3 0 beam passes. Furthermore, the plurality of [ 1 1 1 ] cubic crystalline optical elements Al , A3- 
A5, A8-A21 in the lens 100 have been appropriately clocked to produce a substantially 
circularly symmetric retardance distribution having radially directed local retardance axes. 
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This radial distribution is at least partially canceled by the substantially circularly 
symmetric tangential distribution produced by the stressed plate A22. 

The dimensions of the exemplary system 100, which is based on the system in EP 1 
115 019 A2, are listed in TABLE I. Radii were selected to improve wavefront errors 
5 before instrinsic birefringence was added. Several of the surfaces are aspheric surfaces and 
have an aspheric correction listed in TABLE II below. 

TABLE I 



Elements 


Surface 


Radius 


Thickness 


Glass 




1 


0.000 


4.000 




Al 


2 


312.337 


18.000 


CaF 2 




3 


9682.901 


83.000 




A2 


4 


0.000 


0.000 


REFL 




5 


0.000 


-414.787 




A3 


6 


-405.553 


-22.000 


CaF 2 




7 


-2462.671 


-41.117 




A4 


8 


203.797 


-13.000 


CaF 2 




9 


1424.672 


-33.321 




A5 


10 


176.135 


-14.000 


CaF 2 




11 


480.495 


-16.562 




A6 


12 


241.213 


16.562 


REFL 


A5 


13 


480.495 


14.000 


CaF 2 




14 


176.135 


33.321 




A4 


15 


1424.672 


13.000 


CaF 2 




16 


203.797 


41.117 




A3 


17 


-2462.671 


22.000 


CaF 2 




18 


-405.553 


409.787 






19 


0.000 


0.000 




A7 


20 


0.000 


-70.541 


REFL 




21 


0.000 


-59.941 




A8 


22 (aspheric) 


-190.019 


-20.601 


CaF 2 




23 


-179.904 


-6.323 




A9 


24 (aspheric) 


-210.098 


-39.347 


CaF 2 



35 



WO 2004/019077 



PCTYUS2003/026164 



Elements 


Surface 


Radius 


Thickness 


Glass 




25 


473.115 


-103.837 




A10 


26 (aspheric) 


3696.826 


-15.000 


CaF 2 




27 


-1457.621 


-116.884 




All 


28 


245.073 


-15.478 


CaF 2 




29 (aspheric) 


470.016 


-119.416 




A12 


30 


-211.145 


-46.407 


CaF 2 




31 


390.083 


-41.600 




A13 


32 


214.849 


-15.000 


CaF 2 




33 (aspheric) 


-152.910 


-22.009 




A14 


34 


-456.248 


-36.555 


CaF 2 




35 


231.784 


-1.000 




A15 


36 


3335.791 


-13.249 


CaF 2 




37 


798.419 


-1.000 




Aperture 


38 


0.000 


-4.033 




A16 


39 


-158.376 


-46.695 


CaF 2 




40 


-286.107 


-1.000 




A17 


41 


-172.677 


-12.000 


CaF 2 




42 (aspheric) 


-126.530 


-15.768 




A18 


43 


-216.243 


-41.405 


CaF 2 




44 


241.000 


-1.000 




A19 


45 


-92.147 


-44.386 


CaF 2 




46 (aspheric) 


-251.015 


-2.210 




A20 


47 


-162.887 


-24.949 


CaF 2 




48 


0.000 


0.000 




A22 


49 STRESSED 


0.000 


-10.701 


CaF 2 




50 


0.000 


0.000 




A23 


51 


0.000 


-11.000 


CaF 2 




i 

52 (aspheric) 


556.157 


0.000 




A 11 


JJ 


U.UUU 


-D.vuu 


v^<ir 2 




54 


0.000 


-12.000 






55 


0.000 


0.000 
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TABLE H 



Element Surface Aspheric Coefficients 



A8 22 



K 


f\ AA AAA 

0.00000 


A 


0.152508ExlO' 7 


B 


-0.116620 xlO' 12 


C 


0.783384 xlO' 16 


D 


0.159899xl0" 19 


E 


-0.722908 xlO" 23 


F 


0.728881xl0" 27 



K 


0.000000 


A 


-0.923147 xlO" 9 


B 


0.225315 xlO" 12 


C 


-0.126393 xlO' 15 


D 


0.158659 xlO" 19 


E 


-0.351522xl0" 24 


F 


-0.111972 xlO" 27 



AlO 26 



K 


0.000000 


A 


0.255822 xlO -7 


B 


-0.355557 xlO" 12 


C 


-0.221879 xlO' 16 


D 


0.325041 xlO" 20 


E 


-0.820304 xlO -24 


F 


0.797702 xlO* 28 
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Element Surface 
All 29 



A13 33 



A17 42 



Aspheric Coefficients 



V 
Jv 


a nnnnnn 


A 


n ?^^n^A vi rr 8 

U.^JjUO't xiu 


"D 
£> 


-U.lJJ/i7*f xiu 


C 


-0.110469 xlO" 16 


D 


-0.376252 xlO' 21 


E 


-0.129137 xlO 


F 


0.108061 xlO 


XT 

Jv 


n nnnnnn 


A 

A 


n 679/t a r vi n* 7 


Jo 




C 


0.688454 xlO" 16 


D 


-0.398582 xlO' 21 


E 


0.875403 xlO 


F 


-0.559169 xlO 


rr 
IV 


n nnnnnn 


A 


n 1 7^^no vi n* 7 
-u.i /Douy xiu 


r> 

r> 


n 91 oq^q vi n** 11 


c 


-0.714521 xlO" 16 


D 


-0.762080 xlO" 20 


E 


0.114026 xlO" 23 


F 


-0.121463 xlO -27 



38 



WO 2004/019077 



PCT/US2003/026164 



Element Surface 
A19 46 



Aspheric Coefficients 



Jv 


a nnnnnn 

U.uUWUU 


A 


ft 01 9071 x10" 7 


T> 

-D 




c 


-0.119624 xlO" 14 


D 


0.137621 xlO* 18 


E • 


0.230309 xlO -22 


F 


-0.952224 xlO" 27 



K 


0.000000 


A 


-0.685740 xlO' 7 


B 


-0.194597 xlO' 10 


C 


0.424640 xlO" 14 


D 


-0.112292 xlO -16 


E 


0.533395 xlO' 20 


F 


-0.149893 xlO' 23 



As is well known, aspheric surfaces may be defined by the following expression: 



Ap 4 + Bp 5 + Cp 6 + Dp 7 + Ep 8 + Fp 9 ... (2) where p is the 

5 radial dimension. In Table U, K is the conic constant. 

To introduce correction for retardance aberration, the last lens element A20 has 
been split into a plane parallel plate A22, which is stressed, and two lens A20 and A23. 
The window A21 is adjacent the added lens A23. The plane parallel plate A21 may 
comprise [111] cubic crystal calcium fluoride with the [111] axis substantially parallel to 

10 the optical axis 106, and the two lenses A20 and A23 preferably comprise [111] cubic 
crystal calcium fluoride with the [111] crystal axis substantially parallel to the optical axis 
106. The stress applied to the plane parallel plate A22 produces a uniaxial birefringence of 
about -2 x 10" 6 along, i.e., parallel to, the optical axis 106. Such a component A22, 
therefore behaves as a negative uniaxial crystal having a single crystal axis aligned with the 

15 optical axis. 
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In addition, the substantially [111] cubic crystalline optical elements Al, A3-A5, 
A8-A21, and A23, are clocked as described above, to provide a circularly symmetric radial 
retardance distribution. The direction and amount of axial rotation is selected to yield 
retardance substantially equal to but opposite the retardance introduced by the uniaxial 

5 birefringent optical element, i.e. the stressed plate A22, which has a retardance like that of 
a uniaxial crystal with negative birefringence. These elements Al, A3-A5, A8-A21, and 
A23 are considered the first portion »of the optical system 100. Exemplary clocking values 
for this system 100 are shown in TABLE m. For [111] optical elements oriented with 
their [111] crystal axis along optical axis 106, preferably the clocking of each element is 

10 given relative to an orientation that produces peak retardance lobes 60, 180, and 300 
degrees in the pupil. It should be understood that such is exemplary only and the relative 
clocking of the elements may be described with respect to any of various arbitrary 
reference locations. Positive rotations are right handed about the local +Z axis at the lens 
element. 

15 

TABLE HI 



Elements 


Surface 


Clocking (de, 




1 


0 


Al 


2 


36 




3 


0 


A2 


4 


0 (reflector) 




5 


0 


A3 


6 


7 




7 


0 


A4 


8 


181 




9 


0 


A5 


10 


246 




11 


0 


A6 


12 


0 (reflector) 


A5 


13 


246 




14 


0 


A4 


15 


181 




16 


0 



sgrees) 
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Elements Surface Clocking (degrees) 

— - - 

18 0 

19 0 

A7 20 0 (reflector) 

21 0 

A8 22 (aspheric) 268 

23 0 

A9 24 (aspheric) 239 

25 0 

A10 26 (aspheric) 359 

27 0 

All 28 22 

29 (aspheric) 0 

A12 30 20 

31 0 

A13 32 193 

33 (aspheric) 0 

A14 34 66 

35 0 

A15 36 245 

37 0 

A.S. 38 . 0 

A16 39 303 

40 0 

A17 41 332 

42 (aspheric) 0 

A18 43 333 

44 0 

A19 45 32 

46 (aspheric) 0 

A20 47 341 

48 0 
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Elements 


Surface 


Clocking (degrees) 


A22 


49 STRESSED 


43 




50 


0 


A23 


51 


333 




52 (aspheric) 


0 


A91 








54 


0 




55 


0 



The stressed plate A22 corresponds to the second portion of the optical system 100, 
the two portions preferably substantially offsetting each other so as to reduce net retardance 
aberrations. FIGURE 12 is a graphical representation that depicts the net retardance across 

5 the system exit pupil at an extreme edge field point due to intrinsic birefringence of all 
elements A1-A23, including the stressed plate. The extreme edge point in this example is 
about 55 mm on the x-axis and 40 mm on the y-axis (x = -55 mm; y = 40 mm). As shown, 
the net retardance has been significantly reduced compared with the retardance for all [1 1 1] 
elements without the stressed plate A22, which is shown in FIGURE 1, and without the 

10 appropriate clocking. 

The RMS and maximum retardance over the exit pupil are listed in TABLE IV 
below for nine field positions. The results for field nine are graphically illustrated in 
FIGURE 12. The intrinsic birefringence of about -l.lxlO" 6 was assumed for the [111] 
cubic crystal optical elements. The RMS retardance ranging from 0.0094 to 0.0146 waves 

15 at X 0 = 157 ran is shown. A greater than about 10X reduction in retardance aberration is 
achieved in this example. The numerical aperture of this system 100 is about 0.8. In this 
embodiment, the variation in net retardance after compensation with the negative uniaxial 
structure is minimal. However, if there were significant variation across the field, men one 
or more additional uniaxial structures could be placed elsewhere in the lens to reduce or 

20 minimize the variation of retardance aberrations over the field. 
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TABLE IV 



Field 






Retardance (waves) 




Number 


X(mm) 


Y(mm) 


Maximum 


RMS 


1 


0 


23 


0.0555 


0.0097 


2 


39 


6 


0.0466 


0.0094 


3 


55 


6 


0.0721 


0.0126 


4 


39 


40 


0.0651 


0.0133 


5 


55 


40 


0.0844 


0.0142 


6 


-39 


6 


0.0564 


0.0104 


7 


-55 


6 


0.0760 


0.0136 


8 


-39 


40 


0.0631 


0.0120 


9 


-55 


40 


0.0847 


0.0146 



As illustrated, the net retardance has been significantly reduced compared with the 
retardance for the all [111] element system 100 without clocking and without the stressed 

5 plate A22, which are shown in FIGURES 10A and 10B. Thus, substantial retardance 
correction for a system 100 comprising all [111] optical elements is possible by 
appropriately clocking the [111] elements and using one or more uniaxial birefringent 
elements A22 that have a retardance distribution conjugate to the retardance of the clocked 
[111] elements. In particular, the system retardance associated with this catadioptric 

10 optical system 100 is significantly reduced to levels acceptable for high numerical aperture 
lithography. 

The retardance can also be reduced by clocking the cubic crystal elements in a first 
portion of the optical system 100 and introducing one or more form birefringent optical 
element having a single birefringence axis into a second portion of the optical system. The 
15 retardance in the two portions preferably cancels, yielding a net reduction in retardance 
aberration. 

FIGURE 13 illustrates a similar photolithography system 100 as that presented in 
FIGURE 1 with the addition of a thin film layer X22 having a uniaxial birefringence 
formed on the surface (51) of one of the optical elements A23. In one example, this thin 
20 film layer X22 is about 5 microns thick although the dimensions of the thin film layer X22 
should not be so limited. (The size of this thin film layer X22 is exaggerated for clarity in 
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this drawing.) The thin film X22 preferably comprises alternating layers of material having 
different indices of refraction such as depicted in FIGURE 8. More specifically, this 
multilayer film X22 is preferably substantially optically transmissive at the wavelength of 
operation and provides form birefringence as discussed above. In addition, the plurality of 

5 [111] cubic crystalline calcium fluoride optical elements Al, A3-A5, A8-A21, and A23 
have been appropriately clocked to produce a substantially circularly symmetric retardance 
distribution having radially directed retardance axes. This radial distribution is at least 
partially canceled by the substantially circularly symmetric tangential distribution of the 
form birefringent multilayer. 

10 The dimensions of the exemplary system 100, which is based on the system in EP 1 

115 019 A2, are listed in TABLE V. Several of the surfaces are aspheric surfaces, and 
have the aspheric correction listed in TABLE II above. The optically transmissive lens 
elements Al, A3-A5, and A8-A20 as well as the window A21 were assumed to be formed 
from [111] cubic crystal calcium fluoride with respective [111] crystal axes parallel to the 

15 optical axis 106. 

TABLE V 



Elements 


Surface 


Radius 


Thickness 


Glass 




1 


0.000 


4.000 




Al 


2 


312.337 


18.000 


CaF 2 




3 


9682.901 


83.000 




A2 


4 


0.000 


0.000 


REFL 




5 


0.000 


-414.787 




A3 


6 


-405.553 


-22.000 


CaF 2 




7 


-2462.671 


-41.117 




A4 


8 


203.797 


-13.000 


CaF 2 




9 


1424.672 


-33.321 




A5 


10 


176.135 


-14.000 


CaF 2 




11 


480.495 


-16.562 




A6 


12 


241.213 


16.562 


REFL 


A5 


13 


480.495 


14.000 


CaF 2 




14 


176.135 


33.321 




A4 


15 


1424.672 
44 


13.000 


CaF 2 
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Elements 


Surface 


Radius 


Thickness 


Glass 




16 


203.797 


41.117 




A3 


17 


-2462.671 


22.000 


CaF 2 




18 


-405.553 


409.787 






19 


0.000 


0.000 




A7 


20 


0.000 


-70.541 


Tp» | J 1 IT 

REFL 




21 


0.000 


-59.941 




A8 


22 (asphenc) 


-190.019 


oa /r a 1 

-20.601 


CaF2 




23 


-179.904 


-6.323 




A9 


24 (aspheric) 


-210.098 


f\ *\ A^I 

-39.347 


CaF 2 




25 


473.115 


-103.837 




AlO 


26 (aspheric) 


3696.826 


-15.000 


CaF 2 




27 


-1457.621 


-116.884 




All 


28 


. 245.073 


-15.478 






29 (aspheric) 


470.016 


-119.416 




A12 


30 


-211.145 


-46.407 


CaF2 




31 


390.083 


-41.600 




Al3 


32 


214.849 


-15.000 


CaF2 




33 (aspheric) 


-152.910 


-22.009 




A14 


34 


-456.248 


o y* ere 

-36.555 


CaF2 




35 


231.784 


-1.000 




Al5 


36 


3335.791 


1 O O/IO 

-u.24y 


Lyar 2 




37 


798.419 


-1.000 




Aperture 


38 


0.000 


-4.033 




A16 


39 


-158.376 


-46.695 


CaF 2 




40 


-286.107 


•t nAA 

-1.000 




Al7 


41 


-172.677 


-12.000 


CaF 2 




42 (aspheric) 


-126.530 


-15,768 




A18 


43 


-216.243 


-41.405 


Car 2 




44 


241.000 


1 AAA 

-1.000 




A19 


45 


-92.147 


-44.386 


CaF 2 




46 (aspheric) 


-251.015 


-2.210 




A20 


47 


-162.887 


-35.645 


CaF 2 



45 



WO 2004/019077 



PCT/US2003/026164 



Elements 


Surface 


Radius 


mi • i 

Thickness 


Glass 




48 


0.000 


0.000 




X22 


49 FILM 


0.000 


-0.005 


CaF 2 




50 


0.000 


0.000 




A23 


51 


0.000 


-11.000 


CaF 2 




52 (aspheric) 


556.157 


0.000 




A21 


53 


0.000 


-6.000 


CaF 2 




54 


0.000 


-12.000 






55 


0.000 


0.000 





To introdu.ce correction for retardance aberration, the last lens element A20 is split 
into two lens A20 and A23. A form birefringent coating X22 has been included between 
the two lenses A20, A23. This form birefringent coating X22 may, for example, be formed 
5 on the surface (51) of the added lens A23. The window A21 is adjacent the additional lens 
A23. Both lenses A20 and A23 were assumed to be [111] cubic crystal calcium fluoride. 
Calculations are based on a form birefringent coating 200 that comprises alternating layers 
of relatively high (m) and low (n 2 ) indices of refraction of 1.8 and 1.47, respectively. As 
discussed above, for example, the high index layers may comprise LaF 3 or GdF 3 , and the 
10 low index layers may comprise A1F 3 or MgF 2 . Other materials may be used as well. The 
form birefringent coating X22 was assumed to be 5.0 micrometers thick and to yield a 
uniaxial birefringence of about 0.04. Such a structure X22 behaves as a negative uniaxial 
crystal having a birefringent or crystal axis normal to the planar surface (51) and parallel to 
the optical axis 106. 

15 In addition, the substantially [111] cubic crystalline optical elements- Al, A3-A5, 

A8-A21, and A23 are clocked, as described above, to provide a circularly symmetric 
radially directed retardance distribution. The direction and amount of axial rotation is 
selected to produce a retardance pattern substantially equal to but opposite the retardance 
distribution introduced by the uniaxial birefringent optical element, i.e. the form 

20 birefringent coating X22. As discussed above, the form birefringent coating X22 has a 
birefringence similar to that of a uniaxial crystal with negative birefringence. These [1 1 1] 
cubic crystal optical elements Al, A3-A5, A8-A21, and A23 are considered the first 
portion of the optical system 100 which is balanced or matched by the retardance 
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introduced by the form birefringent coating X22. Exemplary clocking values for this 
system 100 are shown in TABLE VI. Positive rotations are right handed about the local +Z 
axis at the lens element. 

TABLE VI 



Elements 


Surface 


Clocking (degrees) 




1 


0 


Al 


2 


334 




3 


0 


A2 


4 


0 (reflector) 




5 


0 


A3 


6 


79 




7 


0 


A4 


8 


135 




9 


0 


A5 


10 


197 




11 


0 


A6 


12 


0 (reflector) 


A5 


13 


197 




14 


0 


A4 


15 


135 




16 


0 


A3 


17 


79 




18 


0 




19 


0 


A7 


20 


0 (reflector) 




21 


0 


A8 


22 (aspheric) 


72 




23 


0 


A9 


24 (aspheric) 


178 




25 


0 


A10 


26 (aspheric) 


181 




27 


0 
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Elements 


Surface 


Clocking (degrees) 


All 


28 


181 




29 (aspheric) 


0 


A12 


30 


173 




31 


0 


A13 


32 


2 




33 (aspheric) 


0 


A14 


34 


123 




35 


0 


A15 


36 


203 




37 


0 


Aperture 


38 


0 


A16 


39 


37 




40 


0 


A17 


41 


234 




42 (aspheric) 


0 


A18 


43 


340 




44 


0 


A19 


45 


360 




46 (aspheric) 


0 


A20 


47 

i 

48 


58 




0 


X22 


49 FILM 


0 




50 


0 


A23 


51 


272 




52 (aspheric) 


0 


A21 


53 


HI 

/ / 




54 


0 




55 


0 



The form birefringent coating X22 corresponds to the second portion of the optical 
system, the two portions preferably substantially offsetting each other so as to substantially 
reduce net retardance aberrations. FIGURE 14 is a graphical representation that depicts the 
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net retardance across the system exit pupil at an extreme edge field point due to intrinsic 
birefringence of all elements A1-A23, including the form birefringent coating X22. As 
shown, the net retardance has been significantly reduced compared with the retardance for 
the comparable system 100 comprising all [111] elements without the form birefiingent 

5 coating X22 which is shown in FIGURE 1. The resultant retardance for off-axis points for 
this uncorrected system 100 is present in FIG. 10B as discussed above. 

The RMS and maximum retardance over the exit pupil are listed in TABLE VII 
below for nine field positions. The results from the ninth field point are graphically 
illustrated in FIGURE 14. The RMS retardance ranging from 0.0118 to 0.0173 waves at X 0 

10 = 157 nm is shown. This residual retardance is largely a fourth order variation. 
Accordingly, greater than about 10X reduction in retardance aberration is achieved in this 
example. The numerical aperture of this system 100 is about 0.8. Intrinsic birefringence of 
about -l.lxlO" 6 has been assumed for the [1 1 1] cubic crystal optical elements. 

15 TABLE VH 

Field " — - 

Retardance (waves) 



Number 


X(mm) 


Y(mm) 


Maximum 


RMS 


1 


0 


23 


0.0607 


0.0118 


2 


39 


6 


0.0704 


0.0127 


3 


55 


6 


0.0813 


0.0146 


4 


39 


40 


0.0769 


0.0142 


5 


55 


40 


0.0909 


0.0167 


6 


-39 


6 


0.0682 


0.0123 


7 


-55 


6 


0.0891 


0.0150 


8 


-39 


40 


0.0739 


0.0145 


9 


-55 


40 


0.0910 


0.0173 



In various preferred embodiments, an impedance matching layer 300 such as shown 

in FIGURE 15 is included between the form birefringence multilayer 200 and the substrate 

202, i.e., the optical element, upon which the coating is formed. This impedance matching 

20 layer 300 may comprise a plurality of layers 304, 306 of material formed on the surface 

201 of the optical element 202. This plurality of layers 304, 306 may comprise similar 
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materials as the layers 204, 206 in the foim birefringent multilayer structure 200. These 
impedance matching layers 304, 306 preferably correspond to high and low index layers 
comprising materials having respective high and low indices of refraction m, n2. Examples 
of high index materials may include LaF3 and GdF3 having an index of refraction of 1.8 
5 while exemplary low index materials may include AIF3 and MgF 2 having an index of 
refraction of about 1.47. Other materials may be employed in various other embodiments, 
and these materials need not be the same as those 204, 206 in the form birefringent 
multilayer structure 200. Use of similar materials, however, may simplify fabrication. In 
various embodiments, the thickness of the layers 304, 306 may be adjusted to provide the 

10 desired effective index of refraction of the aggregate structure 300 or the high and low 
index material may be deposited simultaneously to form a composite material with a 
refractive index between that of the two base materials. 

Without impedance matching, index mismatch between the calcium fluoride optical 
element 202 and the effective index of the form birefringence multilayer 200 will cause 

15 reflection. Accordingly, a portion of the light propagating through the form birefingence 
multilayer 200 is reflected from the surface 201 of the calcium fluoride optical element 202 
as a result of Fresnel reflection. 

Additional Fresnel reflection is produced at the "air'Yform birefringent coating 
interface 310. A portion of the light incident on the form birefringent coating 200 is 

20 reflected as a result of the index mismatch between the "air" (or other ambient medium) 
and the form birefringent coating. Conversely, light propagating through optical element 
202 and the form birefringence coating 200 into the "air" will be partially reflected back 
into the form birefringent coating. 

Together, the two reflective interfaces, i.e., the "air'Vform birefringent coating 

25 interface 310 and the surface 201 of the calcium fluoride optical element 202, create a weak 
optical cavity. The effects of this optical cavity are illustrated in FIGURE 16A which 
depicts the transmission of light through the form birefringent coating 200 without the 
impedance matching layer 300. Curves 312 and 314 represent s and p polarization, and 
curve 316 corresponds to an average between of these two polarizations. The curve 312, 

30 3 14, 3 1 6 plot the variation of transmittance with angle of incidence. Ripple is observed in 
the three curves 312, 314, 316 as both reflectance and cavity resonance varies with angle of 
propagation of light incident on the reflective interfaces 310, 201 and through the weak 
optical cavity. 
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The impedance matching layer 300 between the fonn birefringent layers 200 and 
the calcium fluoride optical element 202 reduces the index mismatch at the surface 201 and 
preferably substantially weakens the cavity effects. FIGURE 16B depicts transmission of 
light through the form birefringent coating 200 and the calcium fluoride optical element 

5 202 with the impedance matching layer 300 therebetween. The form birefringent coating 
200 in this example is the same structure used in connection with the example associated 
with FIGURE 16A. Curves 322 and 324 represent s and p polarization, and curve 326 
corresponds to an average between of these two polarizations. These curves 322, 324, 326 
also plot the variation of transmission with angle of incidence. Ripple is substantially 

10 lessened as reflectance at the surface 201 of the calcium fluoride element 202 is reduced 
and the cavity affects diminish. 

For reference, FIGURE 16C shows the transmission of light through a bare calcium 
fluoride optical element 202. Neither the form birefringent multilayer 200 nor the 
impedance matching layer 300 are included in this example. Accordingly, the cavity 

15 affects such as ripple are removed. In this plot, curves 332 and 334 correspond to s and p 
polarization, and curve 336 represents an average between of these two polarizations. 

Adding the impedance matching structure 300 between the form birefringent 
coating 200 and the calcium fluoride substrate 202 also may improve the variation in 
birefringence with angle of incidence. To demonstrate this effect, the phase delay between 

20 orthogonal polarization states is computed for different angles of incidence. FIGURE 17A 
depicts this relationship for a form birefringent coating 200 on a calcium fluoride optical 
element 202 without an impedance matching layer 300. Irregular fluctuation, i.e., ripples, 
are observable in this plot. 

The inclusion of an impedance matching layer 300 substantially removes this ripple 

25 as shown in FIGURE 17B, which plots the phase shift between the orthogonal polarizations 
for light incident on the structure at a variety of angles. The curve is substantially smoother 
than that shown in FIGURE 17A. 

In the examples above corresponding to FIGURES 16A-16C and 17A-17B, the 
wavelength of light was 157.0 nanometers and ambient was air. The form birefringent 

30 coatings 200 comprise one hundred and three (103) pairs of high and low index materials 
with indices of 1.8 and 1.47, respectively. These layers each have an optical thickness 
(index x thickness) of about 0.49 and 0.4 quarter-waves (i.e., nxt = 0.49 7J4 and n x t = 
0.4 XI A) for the high and low index materials, respectively. The impedance matching layer 
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300 comprises two (2) pairs of high and low index materials with indices of 1.8 and 1.47, 
respectively. These high and low index layers have optical thicknesses of about 0.205 and 
0.295 quarter waves (i.e., n x t = 0.205 7JA and n x t = 0.295 A74), respectively. Preferably, 
these thicknesses were selected to provide an effective index of refraction for the 

5 impedance matching layer 300 having a value approximately equal to the square root of the 
product of the index of the calcium fluoride substrate and the effective index of the form 
birefringent coating, to thereby reduce the index mismatch. Other intermediate values 
between the effective index of the form birefringent coating and the index of calcium 
fluoride are possible. This impedance matching coating may be referred to as an anti- 

10 reflection coating as it reduces reflection. This example impedance matching coating is, 
however, meant to be exemplary and not limiting. Those skilled in the art of coating design 
will recognize that many other types and variation of impedance matching coatings are 
possible. 

Accordingly, impedance matching layer 300 between the form birefringent coating 

15 200 and the calcium fluoride substrate 202 may significantly reduce index mismatch and 
cavity effects created by these index mismatches. Transmission and birefringence 
comparable with that of an uncoated, i.e., bare calcium fluoride substrate are possible. 

An anti-reflection coating 311 may also be included on the form birefringent 
coating 300 to reduce reflection at the "air" (ambient) / form birefringent coating intereface 

20 310. This anti-reflection (AR) coating 311 may be a conventional AR coating well known 
in the art such as for example a quarter-wave stack. Preferably, this AR coating 311 
comprises material the same as or compatible with those in the form birefringent layer 200. 
This AR coating 311, may for example, comprise multiple layers of high and low index 
materials with indices of 1.8 and 1.47, respectively, such as LaF 3 and GdF 3 , and A1F 3 and 

25 MgF 2 . The type and quantity (e.g., layer thickness) of material is not to be limited to the 
examples described herein and other anti-reflection coating technologies including those 
yet to be devised are also considered possible. 

Like the impedence matching layer 300, the AR coating 311 may reduce the 
reflections at the interface 310 so as to decrease the cavity affects and also reduce 

30 transmission losses. Other techniques may also be employed to remove cavity affects and 
improve transmission as well. For example, the form birefringence coating 200 may be 
formed on a buried layer imbedded between two calcium fluoride elements 202. A pair of 
impedance matching multilayer structures 300, one on each side of the form birefringent 
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coating, may be used to reduce index mismatch between the calcium fluoride material and 
the form birefringent multilayers 200. 

Employing form birefringence to provide a birefringence characteristic akin to a 
negative uniaxial crystal offers several advantages over use of a stress plate 180, 190. In 

5 some respects, a form birefringent medium is simpler to implement. A mechanical structure 
physically attached to the stressed optical element need not be used to apply compressive or 
tensile stresses. The applied stress may, in some cases, be temperature dependent for 
example when a tight metal band surrounds the perimeter of the optical element. Such a 
band may expand and contract with changes in temperature, causing the applied force and 

10 resultant birefringence to fluctuate. In other case, the stress-induced birefringent element 
may be easier to fabricate than certain form birefringence material structures. 

Application of the various techniques and designs described herein are not to be 
limited only to those lens 100 discussed above but may be applied broadly to a wide range 
of optical systems. For example, although the lens 100 depicted in FIGURES 11 and 13 

15 included twenty-three optical elements A1-A23, other embodiments may comprise more or 
less optical elements which may be reflective, diffractive, and/or refractive. Similarly, the 
optical elements may have spherical or aspheric surfaces, may be powered or unpowered, 
may be off-axis or on axis. Other optically transmissive elements may include diffractive 
and holographic optical elements, filters, retro-reflectors, beamsplitters, to name a few. 

20 The techniques and designs described above are useful both for imaging and non-imaging 
systems such as for example photolithographic imaging lenses as well as projection and 
condenser lenses but should not be limited to these applications alone. 

Other compensation techniques may be applied to reduce retardance. One of these 
techniques includes, for example, adding [100] optical elements that are appropriately 

25 rotated with respect to the optical axis to provide compensation. Other methods employ a 
polarization rotator to provide compensation between polarization aberrations introduced 
by various parts of the optical system 100. Still other methods of reducing retardance and 
other polarization aberrations may be used in conjunction with the techniques and designs 
describe herein. 

30 Also, in other embodiments, one or more of the optical elements Al, A3-A5, A8- 

A21, and A23 may comprise crystalline material other than cubic crystals as well as non- 
crystalline materials such as amorphous glasses. Fused silica is an example of such a non- 
crystalline material that is substantially optically transmissive to UV wavelengths such as 
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248 nm and 193.3 nm and is therefore compatible with such UV applications. In the case 
where at least some of the elements Al, A3-A5, A8-A21, A23 are crystalline, they do not 
need to all be the same crystal orientation. For example, various combinations of cubic 
crystal optical element having a [1 1 1], [100], and/or [1 10] crystal direction may be suitable 
5 employed. 

In various of the examples described above with respect to FIGURES 1 1 and 13, all 
these transmissive optical elements Al, A3-A5, A8-A21, and A23, are [111] cubic 
crystalline elements. The [111] crystal lattice direction for each element Al, A3-A5, A8- 
A21, and A23, is along the system optical axis 106. 

10 Choosing as many cubic crystalline elements with their respective [111] crystal 

lattice directions along the system optical axis is particularly advantageous for construction 
of optical systems 100. As discussed above, high purity cubic crystals, such as CaF 2 
crystals for VUV optical lithography systems, naturally cleave along the (111) plane, and 
high optical quality single crystals are more easily grown along the [111] direction. As a 

15 result, lens blanks for construction of [111] optical elements are typically less expensive 
and more readily available than lens blanks oriented along other lattice directions. 
Furthermore, the stress optic coefficient is lower along the [111] direction than along the 
[100] or [110] directions, reducing image degradation resulting from mount-induced stress. 
Accordingly, an example of this preferred arrangement is presented, in which all powered 

20 cubic crystalline elements comprise [111] refractive optical elements oriented with their 

i respective [111] crystal axes along the optical axis. 

Alternate embodiments, however, may include optical components comprising 
other cubic crystal material having their crystal axes oriented differently. The lens may for 
example include one or more [100] and/or [110] optical elements with the respective [100] 

25 and [110] lattice directions substantially parallel to the optical axis 106. Preferably, 
however, the majority or more preferably a substantial majority of the cubic crystal optical 
elements through which the beam passes in the optical system comprise [111] optical 
elements. For example, 70, 80, 90, percent or more of the cubic crystalline optical 
elements in the path of the beam in the optical system 100 preferably comprise [111] cubic 

30 crystal optics. These percentages may apply to just the cubic crystal lens elements or may 
include both lens elements as well as other optical elements, such as, e.g., windows and 
plates. Alternatively, the percentage, by weight, of [111] cubic crystal of all the cubic 
crystal material in the optical path of the lens 100 is preferably more than 50%, more 
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preferably at least about 80% and most preferably 90% or more. This percentage may 
include only powered refractive optical elements as well as powered and non-powered 
optical elements such as windows and plates, etc. For example, 90% of net weight of the 
cubic crystal lens 100 may comprise cubic crystal having a [111] axis oriented along the 
5 optic axis 106. In another example, 80% of the net weight of the cubic crystal optics, 
including the protective window A21, may be [111] cubic crystal, with the [111] axis 
parallel to the optic axis. The cost of materials for such a system 100 is significantly 
reduced in comparison with optical systems that employ more [110] or [100] crystal 
material. The use of a uniaxial birefringent medium and appropriate clocking in reducing 

10 the retardance aberration enables such a large percentage by weight of [111] crystal 
material to be used without unduly degrading the optical performance of the system 100. 
In other embodiments, some of the lens elements Al, A3-A5, A8-A23 or * other optical 
elements may be formed of non-cubic crystalline material or additional lens and/or optical 
elements formed of non-cubic crystalline material may be used. Various suitable non-cubic 

15 crystalline materials such as dry fused silica may offer other lower cost alternatives. 

Some of the preceding examples are based on a lens prescription published in the 
prior art. These examples are intended to be exemplary only and the principles applied with 
reference to these examples can be extended to any of various other lens designs. 
Application of techniques described above for reducing retardance aberration are of 

20 particular interest for high numerical aperture optical systems for photolithography at an 
exposure wavelength near 157 nm, such as that produced by an F 2 excimer laser. It should 
be understood, however, that these principles and techniques apply equally to both high and 
low numerical aperture systems and systems operating at other wavelengths. For example, 
substantial reduction in the net retardance or retardance aberrations may be reduced for 

25 high performance lenses 100 having a numerical apertures about 0.6, 0.7, 0.8, 0.9 or more. 
Corrections of lower numerical aperture (larger F-number) systems is also possible and is 
in many cases is less difficult. As discussed above, for instance, the retardance pattern for 
the optical elements Al, A3-A5, A8-A21, A23 may be more uniform, more circularly 
symmetric and more radial for lower numerical apertures. 

30 Furthermore to estimate the effects of intrinsic birefringence in high numerical 

aperture lenses designed for a central wavelength of 157 nm, in which the refractive 
elements are primarily constructed from calcium fluoride, each element is assumed to have 
a peak intrinsic birefringence of (n e - n 0 ) = -1.1 x 10" 6 , which is roughly equivalent to the 
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measured peak intrinsic birefringence in calcium fluoride at a wavelength of 157 nm. In 
other embodiments, however, one or more of the optical elements may be constructed from 
other materials such as barium fluoride, lithium fluoride, strontium fluoride, and fused 
silica. In addition, optical elements comprising material exhibiting positive birefringence 
5 can be included to compensate for the effects of optical elements comprising material 
exhibiting negative birefringence. 

The method for compensation for intrinsic birefringence in similar high numerical 
aperture lenses designed for 157 nm may also be demonstrated using known exemplary 
lens descriptions designed for a central wavelength of 193 nm as starting points. The 

10 change in central wavelength may result in a change in refractive index of the refractive 
components and may warrant the use of fluoride materials such as calcium fluoride, but the 
types of elements used and distributions of ray angles for a given numerical aperture are 
similar enough to allow a lens designed for a central wavelength of 193 nm to be used to 
demonstrate the innovative techniques for mitigating the effects of intrinsic birefringence in 

15 high numerical aperture lenses, at a central wavelength of 157 nm. The design techniques 
presented above, however, may be employed for reducing polarization aberration in optical 
systems operating at other wavelengths. 

The preceding examples are intended to be illustrative, not restrictive. Furthermore, 
it is intended that the various exemplary techniques for countering the effects of intrinsic 

20 birefringence, including retardance aberrations and wavefront aberrations produced by 
variations in average index of refraction, may also be applied to the other embodiments. 
More generally, these basic principles used to compensate for polarization aberrations such 
as retardation can be extended to at least partially correct for these effects in various other 
optical systems. The principles apply both to refractive and catadioptric lens systems as 

25 well as other systems containing substantially optically transmissive material that imparts 
polarization aberrations on a beam propagating therethrough. In other optical systems, the 
optical features of the optical components may vary. For example, the individual 
thicknesses, radii of curvature, aspheric coefficients, and ray angles may differ significantly 
from component to component. 

30 These principles may be used when designing new optical systems or to improve a 

known lens prescription. In some of the examples above, the corrected optical system is 
based on a given lens prescription, which may be maintained and the effects of intrinsic 
birefringence compensated for, using the techniques described above. Alternatively, 
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retardation may be reduced by splitting of one or more lens elements of the given 
prescription, into two or more sub-elements. The location of the buried surface, its 
curvature and the thicknesses of the respective sub-elements are degrees of freedom that 
may be adjusted to reduce aberration or provide other performance attributes. For example, 
5 the optical power may be substantially evenly split into the sub-elements, which may or 
may not have same center thickness. The techniques and designs described above, 
however, may be advantageously applied to various other new lens prescriptions being 
designed. 

Ray tracing software may be used to generate or revise the lens prescription 
10 including positioning of the individual lens elements, as well as thicknesses, radii of 
curvature, aspheric coefficients, material properties, and the like. In one embodiment, the 
RMS retardance may be computed over a pupil grid at each field point and used as the 
merit function for a damped least squares optimization using the commercially available 
ray tracing software, CODE V®, for example. A computer may be used to optimize the 
15 orientation and clocking of each of the elements in the system and the thickness of the 
uniaxial birefringent medium. The thicknesses of the components, the spacings between 
the components, and the radii of curvature and aspheric coefficients of the lens elements, 
may similarly be optimized to balance aberrations and reduce retardance across the field. 
One or more birefringent elements, wave plates, or combinations thereof, may additionally 
20 be used to correct for residual retardance variation and constant residual retardance. Phase 
aberrations, such as astigmatism, trefoil aberration, and quadrafoil aberration, introduced 
by the average index variations in [110], [111], and [100] elements, respectively, may be 
compensated using one or more surfaces with radii of curvature that vary as 20, 39, and 40, 
respectively. 

25 When cubic crystalline materials like calcium fluoride are used, a substantial 

portion of these crystal elements preferably comprise lesser expensive [111] cubic crystal 
with the [111] crystal lattice direction parallel to the optical axis 106. Although [100] and 
[110] elements appropriately clocked can be added to compensate for the retardance 
introduced by [111] elements, the cost of these [100] and [110] elements is higher. The 

30 techniques described above advantageously permit the retardance of the [1 1 1] elements to 
be compensated for by other the lesser expensive [1 1 1] elements. Accordingly, the fraction 
of cubic crystalline elements that comprise [111] crystal with the [111] crystal lattice 
direction along the optical axis is preferably large, i.e., at least 70 - 90%, by weight. 
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Although the uniaxial birefringent medium may be formed from various materials, it may 
comprise cubic crystal, such as [110], [100], or [111] cubic crystal elements. In some 
embodiments where the uniaxial birefringent element comprises cubic crystal, preferably it 
comprises mostly [111] cubic crystal, most preferably, all [111] cubic crystalline material. 
5 As discussed above, having many of the cubic crystal elements comprise [111] material 
reduced the cost of the optics. Most preferably, a majority of the transmissive optical 
elements have an optical axis generally aligned with the [111] crystal lattice direction. In 
one preferred embodiment, substantially all the optically transmissive cubic crystal 
elements comprise this [111] crystal. 

10 As mentioned above, the various exemplary cubic crystalline optical systems and 

methods for forming aberration-free patterns on semiconductor substrates are particularly 
advantageous as feature sizes become increasingly smaller and approach the half or less 
than half wavelength of the light used to produce the patterns. Such techniques find 
particular advantage in high numerical aperture (NA) lens systems but the various aspects 

15 of these methods and innovations find application in optical systems having both relatively 
high and relatively low numerical apertures. 

Although described in conjunction with photolithography tools used to pattern 
substrates in the semiconductor industry, the techniques and designs discussed above will 
find use in a wide variety of applications, both imaging and non-imaging, in infrared, 

20 visible, and ultraviolet. Optical systems used for medical, military, scientific, 
manufacturing, communication, and other applications are considered possible candidates 
for benefiting from the innovations described herein. 

Although described above in connection with particular embodiments of the present 
invention, it should be understood the descriptions of the embodiments are illustrative of 

25 the invention and are not intended to be limiting. Accordingly, various modifications and 
applications may occur to those skilled in the art without departing from the true spirit and 
scope of the invention. The scope of the invention is not to be limited to the preferred 
embodiment described herein, rather, the scope of the invention should be determined by 
reference to the following claims, along with the full scope of equivalents to which those 

30 claims are legally entitled. 
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WHAT IS CLAIMED IS : 
5 1 . An optical system comprising: 

a first optical portion comprising a plurality of cubic crystalline optical elements 
aligned along an optical axis, said plurality of cubic crystalline optical elements being 
birefringent and imparting retardance on a beam of light propagating through said optical 
system along said optical axis; and 
10 a second optical portion including one or more optical elements, each comprising a 

uniaxial birefringent medium having a single birefingent axis inserted along said optical 
axis, said one or more optical elements having an amount of birefringence to substantially 
reduce said retardance introduced by said plurality of cubic crystalline optical elements. 

15 2. The optical system of Claim 1, wherein said single birefringent axis is 

substantially aligned parallel to said optical axis. 

3. The optical system of Claim 1, wherein each of said optical elements 
comprise a negative birefringent medium. 

20 

4. The optical system of Claim 1, wherein said uniaxial birefringent medium 
has a birefringence with a magnitude greater than about 1 x 10~ 6 . 

5. The optical system of Claim 1, wherein said uniaxial birefringent medium 
25 has a birefringence with a magnitude greater than about 0.01. 

6. The optical system of Claim 1, wherein said uniaxial birefringent medium 
has a birefringence with a magnitude greater than about 0.04. 

30 7. The optical system of Claim 1, wherein said plurality of cubic crystalline 

optical elements imparts retardance of less than about 0.1 RMS waves for an on-axis field 
and a numerical aperture of greater than about 0.7. 
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8. The optical system of Claim 1, wherein said uniaxial birefringent medium 
comprises alternating layers of material that together introduce form birefringence. 

9. The optical system of Claim 1, wherein said uniaxial birefringent medium 
5 comprises microstructures having a first index of refraction within a matrix material having 

a second index of refraction that together introduce form birefringence. 

10. The optical system of Claim 1, wherein said at least one optical element 
includes a stress member that applies a stress to said medium to induce said uniaxial 

10 birefringence therein. 

11. The optical system of Claim 10, wherein said uniaxial birefringent medium 
comprises cubic crystal. 

15 12. The optical system of Claim 1, wherein said uniaxial birefringent medium 

comprises a [1 1 1] cubic crystal aligned with its [1 1 1] lattice direction substantially parallel 
with said optical axis. 

13. The optical system of Claim 1, wherein said uniaxial birefringent medium 
20 comprises a [100] cubic crystal aligned with its [100] lattice direction substantially parallel 

with said optical axis. 

14. The optical system of Claim 1, wherein said uniaxial birefringent medium 
comprises non-cubic crystalline material. 

25 

15. The optical system of Claim 1, wherein said second optical portion includes 
a plurality of optical elements comprising a uniaxial birefringent medium. 

16. The optical system of Claim 1, where said at least one optical element in 
30 said second optical portion comprises a powered optical element. 

17. The optical system of Claim 1, wherein said uniaxial birefringent medium 
comprises calcium fluoride. 
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18. The optical system of Claim 1, wherein said uniaxial birefringent medium 
comprise materials selected from the group consisting of lanthanum fluoride, gadolinium 
fluoride, aluminum fluoride, and magnesium fluoride. 

5 

19. The optical system of Claim 1, wherein said plurality of cubic crystalline 
optical elements in the first optical portion comprises [111] cubic crystalline optical 
elements aligned with their respective [111] lattice direction substantially parallel to said 
optical axis passing through said element. 

10 

20. The optical system of Claim 1, wherein at least one of said cubic crystalline 
optical elements in the first optical portion is rotated about the optical axis with respect to 
another of said cubic crystalline optical elements to obtain a more rotationally symmetric 
retardance distribution at least for light from on-axis field points. 

15 

21. The optical system of Claim 1, wherein said plurality of cubic crystalline 
optical elements in the first optical portion comprises at least one powered optical element. 

22. The optical system of Claim 1, wherein said plurality of cubic crystalline 
20 optical elements is selected from the group consisting of refractive elements and diffractive 

elements. 

23. The optical system of Claim 1, wherein said optical system is an imaging 

system. 

25 

24. The optical system of Claim 1, wherein said plurality of cubic crystalline 
optical elements in the first optical portion comprise material selected from the group 
consisting of calcium fluoride, barium fluoride, lithium fluoride, and strontium fluoride. 

30 25. The optical system of Claim 1, wherein said plurality of cubic crystalline 

optical elements in the first optical portion comprise calcium fluoride. 
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26. The optical system of Claim 1, further comprising a light source disposed 
with respect to the first and second portions to propagate light therethrough. 

27. The optical system of Claim 21, wherein said light source comprises an 
5 excimer laser. 

28. The optical system of Claim 1, wherein said plurality of cubic crystalline 
optical elements in the first optical portion are substantially optically transmissive to light 
having a wavelength less than or equal to about 248 nanometers. 

10 

29. The optical system of Claim 1, wherein said plurality of cubic crystalline 
optical elements in the first optical portion are substantially optically transmissive to light 
having a wavelength less than or equal to about 193 nanometers. 

15 30. The optical system of Claim 1, wherein said plurality of cubic crystalline 

optical elements in the first optical portion are substantially optically transmissive to light 
having a wavelength less than or equal to about 157 nanometers. 

31. An optical apparatus for transmitting light, comprising: 
20 a plurality of optical elements having birefringence that introduces 

retardance to said light; and 

one or more form birefringent optical elements having birefringence that 
produces retardance opposite to said retardance of said plurality of optical elements so as to 
counter said retardance introduced by said plurality of optical elements. 
25 32. The optical apparatus of Claim 31, wherein said form birefringent optical 

element comprises a plate. 

33. The optical apparatus of Claim 31, wherein said form birefringent optical 
element comprises a powered optical element. 

30 

34. The optical apparatus of Claim 31, wherein said form birefringent optical 
element comprises a stratified medium having a plurality of layers of material having 
different refractive indices that together exhibit form birefringence. 
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35. The optical apparatus of Claim 34, wherein said layers have a thickness less 
than the wavelength of said light, 

5 36. The optical apparatus of Claim 34, wherein said material is selected from 

the group consisting of lanthium fluoride, gadolinium fluoride, aluminum fluoride, and 
magnesium fluoride. 

37. The optical apparatus of Claim 34, wherein said plurality of layers of 
10 material comprise alternating layers of first and second materials, said first material 

selected from the group consisting of LaF3 and GdF 3 , and said second material selected 
from the group consisting of AIF3 and MgF2. 

38. The optical apparatus of Claim 31, further comprising an impedance 
15 matching multilayer structure between said stratified medium formed on a substrate, 

wherein said impedance matching multilayer structure reduces reflections between said 
stratified medium and said substrate. 

39. The optical apparatus of Claim 31, further comprising an antireflection 
20 coating on said stratified medium, wherein said antireflection coating reduces reflections 

from said stratified medium. 

40. The optical apparatus of Claim 31, wherein said form birefringent optical 
element comprises a composite medium including a plurality of microstructures having a 

25 first refractive index incorporated in a matrix having a second refractive index, said 
plurality of microstructures and said matrix together exhibiting form birefringence. 

41. An optical system for transmitting light, said optical system comprising: 
first optics having an optical axis passing therethrough, said first optics 

30 having radial and tangential eigenpolarization states distributed through a pupil plane 
associated with the optical system, said radial eigenpolarization state being directed 
substantially radially away from said optical axis and said tangential eigenpolarization state 
being substantially tangential to circular paths centered about said optical axis, both said 
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radial and tangential eigenpolarizations having a distribution of magnitudes that is 
substantially circularly symmetric about said optical axis such that said magnitudes are 
substantially constant along said circular paths; 

second optics inserted along said optic axis of said first optical subsystem, 
5 said second optics having radial and tangential eigenpolarization states distributed through 
said pupil plane, said radial eigenpolarization state being directed substantially radially 
away from said optical axis and said tangential eigenpolarization state being substantially 
tangential to circular paths centered about said optical axis, said radial and tangential 
eigenpolarizations having a distribution of magnitudes that is substantially circularly 
10 symmetric about said optical axis such that said magnitude is substantially constant along 
said circular path, 

wherein said radial and tangential eigenpolarization states associated with 
said first optics are phase delayed with respect to each other an amount substantially equal 
to and opposite said radial and tangential eigenpolarization states associated with said 
15 second optics to reduce total phase delay being imparted on said light in said optical 
system. 

42. The optical system of Claim 41, wherein said radial eigenpolarization states 
extend substantially about 360 degrees around said optical axis. 

20 

43 . A method of optically imaging, comprising: 

propagating light through a plurality of cubic crystal elements possessing 
intrinsic birefringence that produce first retardance aberrations; and 

propagating said light through one or more optical elements comprising a 
25 uniaxial birefiingent medium thereby introducing second retardance aberrations 
substantially identical in magnitude and substantially conjugate in shape to said first 
retardance aberrations so as to substantially offset said first retardance aberrations. 

44. The method of Claim 43, wherein said plurality of cubic crystal elements are 
30 clocked such that said second retardance aberrations are substantially identical in 

magnitude and substantially conjugate in shape to said first retardance aberrations. 



64 



WO 2004/019077 



PCT/US2003/026164 



45. The method of Claim 43, wherein said plurality of cubic crystal elements are 
clocked such that said first retardance aberrations are substantially circularly symmetric 
about an optical axis passing through said plurality of cubic crystal elements. 

5 46. The method of Claim 43, wherein said plurality of cubic crystal elements are 

clocked so as to provide radially directed local retardance axes substantially completely 
around an optical axis passing through said plurality of cubic crystal elements at least for 
light propagating from an on-axis field point. 

10 47. The method of Claim 43, wherein said plurality of cubic crystalline optical 

elements imparts retardance of at least about 0.1 RMS waves for an on-axis field and a 
numerical aperture of greater than about 0.7. 

48. The method of Claim 43, wherein said first retardance aberrations are 
15 reduced to about 0.05 RMS waves or less when combined with said second retardance 

aberrations. 

49. The method of Claim 43, further comprising imposing a stress on said at 
least one optical element comprising an optical plate to induce uniaxial birefringence. 

20 

50. The method of Claim 43, further comprising imposing a stress on the 
perimeter of front and rear surfaces of said optical element to induce uniaxial birefringence, 
said light propagating through said at least one optical element is incident on said front face 
and exits said rear face. 

25 

51. The method of Claim 43, further comprising imposing a stress between 
about 100 to about 1000 pounds per square inch on said at least one optical element to 
induce uniaxial birefringence. 

30 52. The method of Claim 43, further comprising imposing a stress on said at 

least one [111] cubic crystalline optical element to induce uniaxial birefringence. 
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53. The method of Claim 43, wherein said plurality of cubic crystal elements 
comprise [111] cubic crystal. 

54. A method of reducing the retardance caused by intrinsic birefringence in an 
5 optical system comprising a plurality of [111] cubic crystalline optical elements with 

respective [111] crystal axes aligned along an optical axis, said method comprising: 

clocking at least one said [111] cubic crystalline optical element to provide a more 
circularly symmetric retardance pattern over a pupil centered about said optical axis at least 
for on-axis field points; and 
10 introducing one or more uniaxial birefiingent elements comprising media having a 

single birefringence axis into said optical system, said one or more uniaxial birefiingent 
elements having a substantially circularly symmetric retardance pattern associated 
therewith that is distributed over said pupil centered about said optical axis at least for on- 
axis field points, 

15 wherein said retardance pattern corresponding to said plurality of [111] cubic 

crystal optical elements and said retardance pattern corresponding to said one or more 
uniaxial birefiingent elements are opposite such that retardance introduced into an optical 
beam transmitted through said plurality of [111] cubic crystalline elements is substantially 
offset by retardance introduced into said optical beam upon transmitting said beam through 

20 said one or more uniaxial birefiingent optical elements. 

55. The method of Claim 54, wherein at least one of said [111] cubic crystalline 
optical elements is clocked sufficiently to provide said circularly symmetric retardance 
pattern with radially directed local retardance axes substantially throughout said retardance 

25 pattern over said pupil. 

56. The method of Claim 54, wherein at least one of said [111] cubic crystalline 
optical elements is clocked sufficiently to provide substantially constant magnitude local 
retardance about concentric circular paths around said optical axis. 

30 

57. The method of Claim 54, wherein said introducing comprises providing one 
or more optical elements comprising form birefringence media. 
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58. The method of Claim 54, wherein said media having a single birefringence 
axis includes at least one multilayer form birefringence film comprising multiple layers 
each having a thickness of less than a wavelength. 

5 59. The method of Claim 54, wherein said media having single birefringence 

axis includes at least one composite form birefringent structure comprising a plurality of 
microstructures imbedded in a material. 

60, The method of Claim 54, wherein said optical system has a numerical 
10 aperture of at least about 0.5 and a net retardance of less than about 0.05 RMS waves. 

61. The method of Claim 54, wherein said pupil corresponds to a numerical 
aperture of at least about 0.5. 

15 62, An optical method comprising: 

propagating a beam of light having first and second orthogonal polarization 
components through first optics comprising a plurality of optical elements disposed along 
an optical axis, said first optics having radial and tangential eigenpolarization states that 
form a circularly symmetric pattern around said optical axis, said radial and tangential 

20 eigenpolarization states being phased delayed with respect to each other so as to introduce 
phase delay between said first and second orthogonal polarization components in said beam 
of light; and 

substantially reducing said phase delay between said first and second 
orthogonal polarization components in said beam of light by propagating said light through 
25 second optics disposed along said optical axis, said second optics having radial and 
tangential eigenpolarization states that form a circularly symmetric pattern around said 
optical axis, said radial and tangential eigenpolarization states in said second optics being 
phased delayed with respect to each other opposite said phase delay between said radial and 
tangential eigenpolarization states of said first optics section. 

30 

63 . A photolithography tool comprising: 

a light source outputting light for illuminating a reticle; 
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condenser optics positioned to receive light from said light source, said 
condenser optics positioned to direct an optical beam formed from said light 
through said reticle; and 

projection optics configured to form an image of said reticle onto a 
5 substrate, said projection optics including: 

one or more cubic crystalline lens elements receiving said directed 
optical beam propagated through said reticle, said one or more cubic 
crystalline lens elements having intrinsic birefringence which introduces 
retardahce aberrations into said optical beam; and 
10 at least one uniaxial birefringent optical element positioned along a 

common optical pathway with said reticle and said one or more cubic 
crystalline lens elements, said uniaxial birefringent optical element 
comprising a uniaxial birefringent medium having a single birefringent axis, 
said uniaxial birefringent optical element having birefringence which 
15 introduces retardance aberrations into said optical beam that are substantial 

conjugate to said retardance aberrations introduced by said one or more 
cubic crystalline lens elements. 

64. The photolithography tool of Claim 63, wherein said uniaxial birefringent 
20 optical element comprises an optical element having birefringence produced by form 

birefringence. 

65. The photolithography tool of Claim 63, wherein said uniaxial birefringent 
optical element comprises a form birefringent optical element having birefrigence produced 

25 by form birefringence, said form birefringent element comprising a multilayer structure 
comprising a plurality of alternating layers of high and low index. 

66. The photolightography tool of Claim 63, wherein said uniaxial birefringent 
optical element comprises a multilayer film formed on a lens. 

30 

67. The photolightography tool of Claim 63, wherein said uniaxial birefringent 
optical element comprises a multilayer film formed on a plate. 
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68. The photolithography tool of Claim 63, wherein said light source outputs 
light having a wavelength less than or equal to about 248 nm. 

69. The photolithography tool of Claim 63, wherein said light source outputs 
5 light having a wavelength less than or equal to about 1 93 nm, 

70. The photolithography tool of Claim 63, wherein said light source outputs 
light having a wavelength less than or equal to about 157 nm. 

10 71. The photolithography tool of Claim 63, wherein said light source comprises 

an excimer laser. 

72. The photolithography tool of Claim 63, wherein at least a first of the one or 
more cubic crystalline lens elements comprises a [111] cubic crystal having a [111] crystal 

15 lattice direction substantially parallel to an optical axis passing through said first optical 
element. 

73. The photolithography tool of Claim 63, wherein said one or more cubic 
crystalline lens elements comprise material selected from the group consisting of calcium 

20 fluoride, barium fluoride, lithium fluoride, and strontium fluoride. 

74. The photolithography tool of Claim 63, wherein said projection optics 
comprises a catadioptric system including at least one reflective surface. 

25 75. The photolithography tool of Claim 63, wherein said projection optics 

comprises a catadioptric system including at least one reflective surface, wherein said at 
least one reflective surfaces has an asymmetrical stress applied thereto to thereby reduce 
astigmatism, trefoil aberration, or quadrafoil aberration. 

30 76. A method for forming a semiconductor device comprising: 

propagating a beam of light through a reticle; 
forming an optical image of said reticle by 
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directing .said beam of light into a first portion of a projection lens 
comprising a plurality of [1 1 1] cubic crystalline optical elements having respective 
[111] cubic crystal axes aligned with a common optical axis through said [111] 
cubic crystalline optical elements, said beam of light becoming aberrated as a result 
5 of first retardance aberrations introduced by said first portion of said projection 

lens, said first retardance aberrations resulting from variation in phase with 
polarization, said [111] cubic crystalline optical elements being clocked so as to 
cause said first retardance aberration associated with light from an on-axis field 
point to be substantially circularly symmetrical about said optical axis at an exit 

1 0 pupil of said projection lens; and 

propagating said beam of light through a second portion of said projection 
lens, said second portion of said projection lens including one or more optical 
elements, said second portion of said projection lens selected to introduce second 
retardation aberrations resulting from variation in phase with polarization, said one 

15 or more optical elements causing said second retardance aberrations associated with 

light from an on-axis field point that propagate through said exit pupil of said 
projection lens to be substantially circularly symmetric about said optical axis and 
to substantially counter said first polarization aberrations associated with said on- 
axis field point at said exit pupil, and 

20 positioning a substrate, such that said optical image formed by said beam of 

light output by said projection lens, is formed on said substrate. 



77. The method of Claim 76, further comprising forming a photosensitive 
coating on said substrate. 

25 

78. The method of Claim 77, further comprising developing said photosensitive 
coating after exposure to said beam of light output by said projection optics. 

79. The method of Claim 77, further comprising etching said photosensitive 
30 coating after exposing said photosensitive film to thereby produce a pattern on said 

substrate similar to said reticle. 
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80. The method of Claim 77, further comprising depositing a film on said 
substrate prior to forming said photosensitive coating thereon, such that said photosensitive 
coating is formed on said film. 

5 81 . The method of Claim 80, further comprising developing said photosensitive 

coating after exposure to said beam of light output by said projection optics. 

82. The method of Claim 81, further comprising etching said photosensitive 
film after exposing said photosensitive film to thereby produce a pattern in said film 

1 0 substantially corresponding to said reticle. 

83. A semiconductor device formed according to a process comprising: 
depositing a photosensitive material over a semiconductor wafer; 
illuminating a mask pattern; 

15 transmitting a beam of light along an optical path from said mask pattern 

through a plurality of optical elements, said optical elements having radial and tangential 
eigenpolarization states and said beam having first and second orthogonal polarization 
states each coinciding with said one of said radial and tangential eigenpolarization states 
such that said first polarization state is phase delay with respect to said second polarization 

20 state; 

transmitting said beam of light, through at least one birefiingent element 
having a single uniaxial birefringent axis, said at least one birefiingent element having 
radial and tangential eigenpolarization states such that said second polarization state is 
phase delayed with respect to said first polarization state a substantially equal amount to 
25 reduce the relative phase difference between said first and second orthogonal polarization 
states of said beam of light; 

receiving said beam of light after said beam of light is transmitted through 
said at least one birefiingent element, and projecting said beam of light onto said 
photosensitive material over said semiconductor wafer; 
30 removing portions of photosensitive material to form a pattern in said 

photosensitive material that resembles said mask pattern; and 

processing said semiconductor wafer having said patterned photosensitive 
material thereon. 
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84. The semiconductor device of Claim 83, wherein said photosensitive material 
comprises photoresist. 

5 85. The semiconductor device of Claim 83, wherein said processing said 

semiconductor wafer comprises etching. 

86. The semiconductor device of Claim 83, wherein said processing said 
semiconductor wafer comprises ion implanting. 

10 

87. The semiconductor device of Claim 83, further comprising depositing at 
least one layer of material on said semiconductor wafer. 

88. The semiconductor device of Claim 83, wherein said semiconductor device 
1 5 comprises a semiconductor integrated circuit. 

89. A photolithography tool comprising: 

a light source outputting light for illuminating a reticle; 
condenser optics positioned to receive light from said light source, said 
20 condenser optics positioned to direct an optical beam formed from said light source 

through said reticle; and 

projection optics configured to form an image of said reticle onto a 
substrate, wherein said condenser optics include: 

one or more cubic crystalline optical elements receiving said light 
25 from said light source, said one or more cubic crystalline optical elements 

having intrinsic birefringence which introduces retardance into said optical 
beam, and 

a form birefringent optical element having form birefringence, said 
form birefringent optical element positioned along a common optical 
30 pathway through said one or more cubic crystalline optical elements, the 

form birefringent optical element introducing retardance that substantially 
offsets said retardance imparted on said light transmitted through said one or 
more cubic crystalline optical elements. 
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90. A photolithography tool comprising: 

a light source outputting light for illuminating a reticle; 
condenser optics positioned to receive light from said light source, said 
5 condenser optics positioned to direct an optical beam formed from said light 

through said reticle; and 

projection optics configured to form an image of said reticle onto a 
substrate, said condenser optics including: 

one or more cubic crystalline lens elements receiving said light from 
10 said light source, said one or more cubic crystalline lens elements having 

intrinsic birefringence which introduces retardance aberrations into said 
optical beam; and 

at least one uniaxial birefringent optical element comprising a 
uniaxial birefringent medium, said uniaxial birefringent optical element 
15 having birefringence which introduces retardance aberrations that are 

substantial conjugate to said retardance aberrations introduced by said one 
or more cubic crystalline lens elements. 



73 



WO 2004/019077 



1/18 



PCT/US2003/026164 




WO 2004/019077 



2/18 



PCT/US2003/026164 




WO 2004/019077 



4/18 



PCT/US2003/026164 




WO 2004/019077 



• 



5/18 



.PCT/US2003/026164 




WO 2004/019077 



6/18 



PCT/US2003/026164 




WO 2004/019077 



7/18 



PCT/US2003/026164 



1 








/ S \ 




/ / y - - \ \ \ 




/ / / y. - x \ \ \ 


i 


/ 

J / 


/ / ' • * \ \ \ 
' ' ' | 


1 • 


\ 


v \ s - • . r | | 




\ 


\ *s * ✓ / f .. 




\ \ V.^ ✓ / / 












Relative X Pupil 


Retardance Pupil Map 


Pleldt ( 0.000, 0.000) 

Extreme 0.479 RHS o.m 








WO 2004/019077 PCT/US2003/026164 

8/18 



Zoo 




FIGURE 8 



WO 2004/019077 



9/18 



PCT/US2003/026164 















/ /> - - 




N \ \ 


/ / t < • 


\ 


v \ \ 


II" 


• 


' 1 1 


\ \ \ — 




' / / 


\ \ N - " 




' / / 


\ W-v - 













-1 



-1 % I 

Relative X Pupil 



Retar dance Pupil Map 










WO 2004/019077 



10/18 



PCT/US2003/026164 







o 


© a? 


X 




o 


o 


a 


& 












<=> \ 


V 










S \ 


t 


* 






T 


1 i 


t 










i r 


/ 


m 




^> 




^ 0 


f 






o 


o 




$ 


0 






o 


o % 


a 


i 



13 









S 



















• * . * \ \ 

*" \ \ I 

V \ \ \ < * - 

i l li i • • - 

«v <s* ^ / s — I 

- * ^ ^ / ✓ - I 



11 



3 



8 



5: 



WO 2004/019077 



11/18 



PCT/US2003/026164 




WO 2004/019077 



12/18 



PCT/US2003/026164 



I l • 

N \ V % 

' N \ \ \ 

% »- «• . V S 

\ • « « % 

\ * 0 0* 



^ ft 0 0 

^ ft * N v 



« ♦ ♦ 

* * O * > 

s x ^» b 

S N % ^ 0 

X S X * 

\ S - t 



Relative X Pupil 



EP1U5019, 0.8NA 
Retardance Pupil Map 



0.3 waves 



is. 72 



WO 2004/019077 




WO 2004/019077 



14/18 



PCT/US2003/026164 



t 






















• 


• 










V 


0 




















\ 


1 
















% 




h 


# 












\ 


V 


\ 




% 




# 




\ 






















1 . • 






\ 


X 




% 




o 


© — 


























1. 






m 


• 




% 




X 










0 


o 


0 


| 


\ 




\ 










\ 


0 




\ 


\ 
















\ 


\ 




V 


















• 












• 


























-t 










0 




















Relative X Pupil 








EP1115019, 0.8HA, 




















Retar dance Pupil Map 
































0.21 waves 





WO 2004/019077 



16/18 



PCT/US2003/026164 




5b 



100.0 v 



95.0 



90.0 




33 1, 



85.0 



WO 2004/019077 



17/18 



PCT/US2003/026164 




WO 2004/019077 



18/18 



PCT/US2003/026164 




0 10 20 30 40 50 60 




(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 



(19) World Intellectual Property 
Organization 

International Bureau 

(43) International Publication Date 
4 March 2004 (04.03.2004) 




PCT 



(10) International Publication Number 

WO 2004/019077 A3 



(51) International Patent Classification 7 : 

(21) International Application Number: 

PCT/US2003/026164 

(22) International Filing Date: 21 August 2003 (21.08.2003) 

(25) Filing Language: English 

(26) Publication Language: English 



(30) Priority Data: 

60/405,853 
60/432,688 
10/331,159 
10/331,101 
10/331,103 



22 August 2002 (22.08.2002) US 

1 1 December 2002 (1 1.12.2002) US 

26 December 2002 (26.12.2002) US 

26 December 2002 (26.12.2002) US 

26 December 2002 (26. 12.2002) US 



G02B 5/30 (81) Designated States (national): AE, AG, AL, AM, AT, AU, 
AZ, BA, BB, BG, BR, BY, BZ, CA, CH, CN, CO, CR, CU, 
CZ (utility model), CZ, DE (utility model), DE, DK (utility 
model), DK, DM, DZ, EC, EE (utility model), EE, ES, FI 
(utility model), FI, GB, GD, GE, GH, GM, HR, HU, ID, 
IL, IN, IS, JP, KE, KG, KP, KR, KZ, LC, LK, LR, LS, LT, 
LU, LV, MA, MD, MG, MK, MN, MW, MX, MZ, NI, NO, 
NZ, OM, PG, PH, PL, PT, RO, RU, SC, SD, SE, SG, SK 
(utility model), SK, SL, SY, TJ, TM, TN, TR, TT, TZ, UA, 
UG, UZ, VC, VN, YU, ZA, ZM, ZW. 



(71) Applicant: OPTICAL RESEARCH ASSOCIATES 

[US/US]; 3280 East Foothill Boulevard, Suite 300, 
Pasadena, CA 91107-3103 (US). 

(72) Inventor: MCGUIRE, James, P., Jr.; 1720 Kaweah 
Drive, Pasadena, CA 91105 (US). 

(74) Agent: HOFFMAN, Jean-Paul; Pillsbury Winthrop LLP, 
1600 Tysons Boulevard, McLean, VA 22102 (US). 



(84) Designated States (regional): ARIPO patent (GH, GM, 
KE, LS, MW, MZ, SD, SL, SZ, TZ, UG, ZM, ZW), 
Eurasian patent (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM), 
European patent (AT, BE, BG, CH, CY, CZ, DE, DK, EE, 
ES, FI, FR, GB, GR, HU, IE, IT, LU, MC, NL, PT, RO, 
SE, SI, SK, TR), OAPI patent (BF, BJ, CF, CG, CI, CM, 
GA, GN, GQ, GW, ML, MR, NE, SN, TD, TG). 

Published: 

— with international search report 

— before the expiration of the time limit for amending the 
claims and to be republished in the event of receipt of 
amendments 

[Continued on next page] 



= (54) Title: STRUCTURES AND METHODS FOR REDUCING RETARDANCE 



100- 



A/S 



W2 



we 



< 



A ) 4 t*At7 A19 




O ( 57 > Abstract: An optical system (100 in Fig. 2) includes multiple cubic crystalline optical elements (e.g., Al, A3-5, A8-A20) and 
O one or more uniaxial birefringent elements (id.) in which the crystal lattices of the cubic crystalline optical elements are oriented with 

respect to each other to reduce the effects of intrinsic birefringence and produce a system with reduced retardance. The net retardance 
Q of the system is reduced by the cancellation of retardance contributions from the multiple cubic crystalline optical elements and the 
►5T uniaxial birefringent element. The optical system may be used in a photolithography tool to pattern substrates such as semiconductor 

substrates and thereby produce semiconductor devices. 



WO 2004/019077 A3 lllllllllllllllllllli 



(88) Date of publication of the international search report: For two-letter codes and other abbreviations, refer to the "Guid- 

6 May 2005 ance Notes on Codes and Abbreviations " appearing at the begin- 

(15) Information about Correction: nb * ° feach re ^ ular isSUe °^' he FCT Gm 
Previous Correction: 

see PCT Gazette No. 15/2004 of 8 April 2004, Section II 



INTERNATIONAL SEARCH REPORT 



International application No. 
PCT/US03/26164 



A. CLASSIFICATION OF SUBJECT MATTER 

IPC(7) : G02B 5/30 

USCL : 359/499 
According to International Patent Classification (IPC) or to both national classification and IPC 



B. FIELDS SEARCHED 



Minimum documentation searched (classification system followed by classification symbols) 
U.S. : 359/350, 355, 483, 494, 500; 355/67; 501/54 



Documentation searched other than minuTm™ documentation to the extent mat such documents are included in the fields searched 
N/A 



Electronic data base consulted during the international search (name of data base and, where practicable, search terms used) 
EAST/BRS, Google 



DOCUMENTS CONSIDERED TO BE RELEVANT 



Category * 



Citation of document, with indication, where appropriate, of the relevant passages 



Relevant to claim No. 



US 6,366,404 Bl (HIRAIWA et al.) 02 April 2002 (02.04.202), column 1, lines 14-67- 
column30, line 15, 



1-90 



[23 Further documents are listed in the continuation of Box C. [ I 

♦ ~ Special categories of cited 4 



See patent family annex. 



"A" document defining the general state of the art v/hich is not considered to be 
of particular relevance 

"E" earlier application or patent published on or after the international filing date 

«L" document which may throw doubts on priority claim(s) or which is cited to 
establish the publication date of another citation or other special reason (as 
specified} 

a O N document referring to an oral disclosure, use, exhibition or other means 

"P" document published prior to the international Cling date but later than the 
priority date claimed 



later document published after the international Cling date or priority 
date and not m conflict with the application but cited to understand the 
principle or theory underlying the invention 

«X" document of particular relevance; the claimed invention cannot be 

considered novel or cannot be considered to involve an inventive step 
when the document is taken alone 

"Y" document of particular relevance; the claimed invention cannot be 

considered to involve an inventive step when the document b 
combined with one or more other such documents, such combination 
being obvious to a person skilled in the art 

*&" document member of the same patent family 



Date of the actual completion of the international search 
28 December 2004 (28. 12.2004) 



Name and mailing address of the ISA/US 
Mail Stop PCT, Attn: ISA/US 
Commissioner for Patents 
P.O. Box 1450 

Alexandria, Virginia 22313-1450 
Facsimile No. (703) 305-3230 



Date of mailing of theinternational search report 



Authorizedo] 
Drew A. Dunn 



j international search repon 

HgAR 2005 



-2. 



FonnPCT/ISA/210 (second sheet) (July 1998) 



Telephone No. (571)272-2312 DREW A. DUNN 

S UPERVISORY KffENT EXAMINER 



INTERNATIONAL SEARCH REPORT 



International application No. 
PCT/US03/26164 



Box I Observations where certain claims were found unsearchable (Continuation of Item 1 of first sheet) 



This international report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons: 

1. CZ1 Claim Nos.: 

because they relate to subject matter not required to be searched by this Authority, namely: 



2. Claim Nos.: 

because they relate to parts of the international application that do not comply with the prescribed requirements to 
such an extent that no meaningful international search can be carried out, specifically: 



3. Q Claim Nos.: 

because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 
6.4(a). 



Box II Observations where unity of invention is lacking (Continuation of Item 2 of first sheet) 



This International Searching Authority found multiple inventions in this international application, as follows: 



1 • LJ As a11 required additional search fees were timely paid by the applicant, this international search report covers all 
searchable claims. 

2- D As ^ searchable claims could be searched without effort justifying an additional fee, this Authority did not invite 
payment of any additional fee. 

3 . | "1 As only some of the required additional search fees were timely paid by the applicant, this international search 
report covers only those claims for which fees were paid, specifically claims Nos. : 



4- LJ No required additional search fees were timely paid by the applicant. Consequently, this international search report 
is restricted to the invention first mentioned in the claims; it is covered by claims Nos. : 

Remark on Protest Q The additional search fees were accompanied by the applicant's protest. 

| | No protest accompanied the payment of additional search fees. 



Form PCT/ISA/210 (continuation of first sheet(l)) (July 1998) 



(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 



CORRECTED VERSION 



(19) World Intellectual Property 
Organization 
International Bureau 




(43) Internationa] Publication Date (10) International Publication Number 

4 March 2004 (04.03.2004) PCT WO 2004/019077 A2 



(51) International Patent Classification 7 : G02B 

(21) International Application Number: 

PCT/US2003/026164 

(22) International Filing Date: 21 August 2003 (21.08.2003) 
(25) Filing Language: English 



(26) Publication Language: 



English 



(30) Priority Data: 
60/405,853 
60/432,688 
10/331,159 
10/331,101 
10/331,103 



22 August 2002 (22.08.2002) US 

1 1 December 2002 (1 1 .12.2002) US 

26 December 2002 (26.12.2002) US 

26 December 2002 (26.12.2002) US 

26 December 2002 (26.12.2002) US 



(71) Applicant: OPTICAL RESEARCH ASSOCIATES 
[US/US]; 3280 East Foothill Boulevard, Suite 300, 
Pasadena, CA 91107-3103 (US). 

(72) Inventor: MCGUIRE, James, P., Jr.; 1720 Kaweah 
Drive, Pasadena, CA 91105 (US). 



(74) Agent: DELANEY, Karoline, A.; KNOBBE, 
MARTENS, OLSON & BEAR, LLP, 2040 Main Street, 
Fourteenth Floor, Irvine, CA 92614 (US). 

(81) Designated States (national): AE, AG, AL, AM, AT, AU, 
AZ, BA, BB, BG, BR, BY, BZ, CA, CH, CN, CO, CR, CU, 
CZ (utility model), CZ, DE (utility model), DE, DK (utility 
model), DK, DM, DZ, EC, EE (utility model), EE, ES, FI 
(utility model), FI, GB, GD, GE, GH, GM, HR, HU, ID, 
IL, EST, IS, JP, KE, KG, KP, KR, KZ, LC, LK, LR, LS, LT, 
LU, LV, MA, MD, MG, MK, MN, MW, MX, MZ, NI, NO, 
NZ, OM, PG, PH, PL, PT, RO, RU, SC, SD, SE, SG, SK 
(utility model), SK, SL, SY, TJ, TM, TN, TR, TT, TZ, UA, 
UG, UZ, VC, VN, YU, ZA, ZM, ZW. 

(84) Designated States (regional): ARIPO patent (GH, GM, 
KE, LS, MW, MZ, SD, SL, SZ, TZ, UG, ZM, ZW), 
Eurasian patent (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM), 
European patent (AT, BE, BG, CH, CY, CZ, DE, DK, EE, 
ES, FI, FR, GB, GR, HU, IE, IT, LU, MC, NL, PT, RO, 
SE, SI, SK, TR), OAPI patent (BF, BJ, CF, CG, CI, CM, 
GA, GN, GQ, GW, ML, MR, NE, SN, TD, TG). 

[Continued on next page] 



= (54) Title: STRUCTURES AND METHODS FOR REDUCING POLARIZATION ABERRATION IN OPTICAL SYSTEMS 




O (57) Abstract: An optical system includes multiple cubic crystalline optical elements and one or more uniaxial birefringent elements 
2 in which the crystal lattices of the cubic crystalline optical elements are oriented with respect to each other to reduce the effects of 
intrinsic birefringence and produce a system with reduced retardance. The net retardance of the system is reduced by the cancel- 
^ lation of retardance contributions from the multiple cubic crystalline optical elements and the uniaxial birefringent element. The 
optical system may be used in a photolithography tool to pattern substrates such as semiconductor substrates and thereby produce 
semiconductor devices. 



WO 2004/019077 A2 IIIIIIIIIIIIIIIIIII 



Published: 

— without international search report and to be republished 
upon receipt of that report 

(48) Date of publication of this corrected version: 

8 April 2004 



(15) Information about Correction: 

see PCT Gazette No. 15/2004 of 8 April 2004, Section H 

For two-letter codes and other abbreviations, refer to the "Guid- 
ance Notes on Codes and Abbreviations" appearing at the begin- 
ning of each regular issue of the PCT Gazette. 



WO 2004/019077 



PCTAJS2003/026164 



STRUCTURES AND METHODS FOR REDUCING 
POLARIZATION ABERRATION IN OPTICAL SYSTEMS 

Background of the Invention 

Field of the Invention 

The present invention relates to reducing aberration in optical systems.. More 
particularly, the present invention relates to apparatus and methods for reducing 
polarization aberrations in optical systems such as lithographic imaging systems 
comprising cubic crystalline optical elements having intrinsic birefringence. 
Description of the Related Art 

In order to increase levels of device integration for integrated circuit and other 
semiconductor components, device features having smaller and smaller dimensions are 
desired. In today's rapidly advancing semiconductor manufacturing industry, the drive is 
to produce such reduced device features in a reliable and repeatable manner. 

Optical lithography systems are commonly used to form images of device patterns 
upon semiconductor substrates in the fabrication process. The resolving power of such 
systems is proportional to the exposure wavelength; therefore, it is advantageous to use 
exposure wavelengths that are as short as possible. For sub-micron lithography, deep 
ultraviolet light having a wavelength of 248 nanometers or shorter is commonly used. 
Wavelengths of interest include 193 and 157 nanometers. 

At ultraviolet or deep ultraviolet wavelengths, the choice of materials used to form 
the lenses, windows, and other optical elements of the lithography system is significant. 
Such optical elements preferably are substantially optically transmissive at short 
wavelengths used in these lithography systems. 

Calcium fluoride and other cubic crystalline materials such as barium fluoride, 
lithium fluoride, and strontium fluoride, represent some of the materials being developed 
for use as optical elements for 157 nanometer lithography, for example. These single 
crystal fluoride materials have a desirably high transmittance compared to ordinary optical 
glass and can be produced with good homogeneity. 

Accordingly, such cubic crystalline materials are useful as optical elements in short 
wavelength optical systems including but not limited to wafer steppers and other projection 
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printers used to produce small features on substrates such as semiconductor wafers and 
other substrates used in the semiconductor manufacturing industry. In particular, calcium 
fluoride finds particular advantage in that it is an easily obtained cubic crystalline material 
and large high purity single crystals can be grown. These crystals, however, are expensive, 

5 and certain orientations, such as the <1 00> and <1 1 0> crytallographic orientations are more 
expensive than others, like the <1 1 1> crystal orientation. 

A primary concern regarding the use of cubic crystalline materials for optical 
elements in deep ultraviolet lithography systems is anisotropy of refractive index inherent 
in cubic crystalline materials; this effect is referred to as "intrinsic birefringence." For light 

10 propagating through a birefringent material, the refractive index varies as a function of 
polarization and orientation of the material with respect to the propagation direction and the 
polarization. Accordingly, different polarization components propagate at different phase 
, velocities and undergo different phase shifts upon passing through an optical element 
comprising birefringent material. 

15 When used for construction of elements of an optical system, the birefringent 

properties of these cubic crystalline materials may produce wavefront aberrations that 
significantly degrade image resolution and introduce field distortion. These aberrations are 
particularly challenging for optical instruments employed in photolithography in today's 
semiconductor manufacturing industry where high resolution and tight overlay 

20 requirements are demanded by an emphasis on increased levels of integration and reduced 
feature sizes. 

It has been recently reported [J. Burnett, Z. H. Levine, and E. Shipley, "Intrinsic 
Birefringence in 157 nm materials," Proc. 2 nd Intl. Symp. on 157 nm Lithography, Austin, 
Intl. SEMATECH, ed. R. Harbison, 2001] that cubic crystalline materials such as calcium 

25 fluoride, exhibit intrinsic birefringence that scales as the inverse of the square of the 
wavelength of light used in the optical system. The magnitude of this birefringence 
becomes especially significant when the optical wavelength is decreased below 250 
nanometers and particularly as it approaches 100 nanometers. Of particular interest is the 
effect of intrinsic birefringence at the wavelength of 157 nanometers (nm), the wavelength 

30 of light produced by an F 2 excimer laser, which is favored in the semiconductor 
manufacturing industry. Strong intrinsic birefringence at this wavelength has the 
unfortunate effect of producing wavefront aberrations that can significantly degrade image 
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resolution and introduce distortion of the image field, particularly for sub-micron projection 
lithography in semiconductor manufacturing. 

Thus, there is a need to reduce these wavefront aberrations caused by intrinsic 
birefringence, which can degrade image resolution and cause image field distortion. Such 
5 correction is particularly desirable in projection lithography systems comprising cubic 
crystalline optical elements using light having wavelengths in the deep ultraviolet range. 

Summary of the Invention 
One aspect of the invention comprises an optical system comprising: 
10 . a first optical portion comprising a plurality of cubic crystalline optical elements 

aligned along an optical axis, said plurality of cubic crystalline optical elements being 
birefringent and imparting retardance on a beam of light propagating through said optical 
system along said optical axis; and 

a second optical portion including one or more optical elements, each comprising a 
15 uniaxial birefringent medium having a single birefingent axis inserted along said optical 
axis, said one or more optical elements having an ^mount of birefringence to substantially 
reduce said retardance introduced by said plurality of cubic crystalline optical elements. 

Another aspect of the invention comprises an optical apparatus for transmitting 
light, comprising: 

20 a plurality of optical elements having birefringence that introduces 

retardance to said light; and 

one or more form birefringent optical elements having birefringence that 
produces retardance opposite to said retardance of said plurality of optical elements so as to 
counter said retardance introduced by said plurality of optical elements. 

25 Still another aspect of the invention comprises an optical system for transmitting 

light, said optical system comprising: 

first optics having an optical axis passing therethrough, said first optics 
having radial and tangential eigenpolarization states distributed through a pupil plane 
associated with the optical system, said radial eigenpolarization state being directed 

30 substantially radially away from said optical axis and said tangential eigenpolarization state 
being substantially tangential to circular paths centered about said optical axis, both said 
radial and tangential eigenpolarizations having a distribution of magnitudes that is 
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substantially circularly symmetric about said optical axis such that said magnitudes are 
substantially constant along said circular paths; and 

second optics inserted along said optic axis of said first optical subsystem, 
said second optics having radial and tangential eigenpolarization states distributed through 
5 said pupil plane, said radial eigenpolarization state being directed substantially radially 
away from said optical axis and said tangential eigenpolarization state being substantially 
tangential to circular paths centered about said optical axis, said radial and tangential 
eigenpolarizations having a distribution of magnitudes that is substantially circularly 
symmetric about said optical axis such that said magnitude is substantially constant along 
10 said circular path, 

wherein said radial and tangential eigenpolarization states associated with 
said first optics are phase delayed with respect to each other an amount substantially equal 
to and opposite said radial and tangential eigenpolarization states associated with said 
second optics to reduce total phase delay being imparted on said light in said optical 
15 system. 

Yet another aspect of the invention comprises an optical system that outputs light 
comprising: 

first and second sections each comprising a plurality of symmetrically 
shaped calcium fluoride lens elements, each of said calcium fluoride lens elements being 
20 symmetrical about a respective optical axis passing therethough, said plurality of 
symmetrically shaped calcium fluoride lens elements arranged along an optical path; and 
at least one uniaxial birefringent optical element in said second section; 
wherein said symmetrically shaped calcium fluoride lens elements in said 
first and second sections together comprise at least about 80% by weight [111] cubic 
25 crystalline calcium fluoride having a [111] crystal direction substantially parallel to said 
respective optical axis. 

Another aspect of the invention comprises a method of optically imaging, 
comprising: ' 

propagating light through a plurality of cubic crystal elements possessing 
30 intrinsic birefringence that produce first retardance aberrations; and 

propagating said light through one or more optical elements comprising a 
uniaxial birefringent medium thereby introducing second retardance aberrations 
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substantially identical in magnitude and substantially conjugate in shape to said first 
retardance aberrations so as to substantially offset said first retardance aberrations. 

Another aspect of the invention comprises a method of reducing the retardance 
caused by intrinsic birefringence in an optical system comprising a plurality of [1 1 1] cubic 
5 crystalline optical elements with respective [111] crystal axes aligned along an optical axis, 
said method comprising: 

clocking at least one said [111] cubic crystalline optical element to provide a more 
circularly symmetric retardance pattern over a pupil centered about said optical axis at least 
for on-axis field points; and 
10 introducing one or more uniaxial birefringent elements comprising media having a 

single birefringence axis into said optical system, said one or more uniaxial birefringent 
elements having a substantially circularly symmetric retardance pattern associated 
therewith that is distributed over said pupil centered about said optical axis at least for on- 
axis field points, 

15 wherein said retardance pattern corresponding to said plurality of [111] cubic 

crystal optical elements and said retardance pattern corresponding to said one or more 
uniaxial birefringent elements are opposite such that retardance introduced into an optical 
beam transmitted through said plurality of [1 1 1] cubic crystalline elements is substantially 
offset by retardance introduced into said optical beam upon transmitting said beam through 

20 said one or more uniaxial birefringent optical elements. 

Still another aspect of the invention comprises an optical method comprising: 

propagating a beam of light having first and second orthogonal polarization 
components through first optics comprising a plurality of optical elements disposed along 
an optical axis, said first optics having radial and tangential eigenpolarization states that 

25 form a circularly symmetric pattern around said optical axis, said radial and tangential 
eigenpolarization states being phased delayed with respect to each other so as to introduce 
phase delay between said first and second orthogonal polarization components in said beam 
of light; and 

substantially reducing said phase delay between said first and second 
30 orthogonal polarization components in said beam of light by propagating said light through 
second optics disposed along said optical axis, said second optics having radial and 
tangential eigenpolarization states that form a circularly symmetric pattern around said 
optical axis, said radial and tangential eigenpolarization states in said second optics being 
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phased delayed with respect to each other opposite said phase delay between said radial and 
tangential eigenpolarization states of said first optics section. 

Yet another aspect of the invention comprises an optical method comprising: 

propagating a beam of light having first and second orthogonal polarization 

5 components through first optics comprising a plurality of optical elements disposed along 
an optical axis, said first optics having radial and tangential eigenpolarization states that 
form a circularly symmetric pattern around said optical axis, said radial and tangential 
eigenpolarization states being phased delayed with respect to each other so as to introduce 
phase delay between said first and second orthogonal polarization components in said beam 

10 of light; and 

substantially reducing said phase delay between said first and second 
orthogonal polarization components in said beam of light by propagating said light through 
second optics disposed along said optical axis, said second optics having radial and 
tangential eigenpolarization states that form a circularly symmetric pattern around said 
15 optical axis, said radial and tangential eigenpolarization states in said second optics being 
phased delayed with respect to each other opposite said phase delay between said radial and 
tangential eigenpolarization states of said first optics section. 

Another aspect of the invention comprises a photolithography tool comprising: 
a light source outputting light for illuminating a reticle; 
20 condenser optics positioned to receive light from said light source, said 

condenser optics positioned to direct an optical beam formed from said light 

through said reticle; and 

projection optics configured to form an image of said reticle onto a 

substrate, said projection optics including: 

25 one or more cubic crystalline lens elements receiving said directed 

optical beam propagated through said reticle, said one or more cubic 
crystalline lens elements having intrinsic birefringence which introduces 
retardance aberrations into said optical beam; and 

at least one uniaxial birefringent optical element positioned along a 

30 common optical pathway with said reticle and said one or more cubic 

crystalline lens elements, said uniaxial birefringent optical element 
comprising a uniaxial birefringent medium having a single birefringent axis, 
said uniaxial birefringent optical element having birefringence which 
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introduces retardance aberrations into said optical beam that are substantial 
conjugate to said retardance aberrations introduced by said one or more 
cubic crystalline lens elements. 
Another aspect of the invention comprises a method for forming a semiconductor 

5 device comprising: 

propagating a beam of light through a reticle; 
forming an optical image of said reticle by 

directing said beam of light into a first portion of a projection lens 
comprising a plurality of [1 1 1] cubic crystalline optical elements having respective 
10 [HI] cubic crystal axes aligned with a common optical axis through said [111] 

cubic crystalline optical elements, said beam of light becoming aberrated as a result 
of first retardance aberrations introduced by said first portion of said projection 
lens, said first retardance aberrations resulting from variation in phase with 
polarization, said [111] cubic crystalline optical elements being clocked so as to 
15 cause said first retardance aberration associated with light from an on-axis field 

point to be substantially circularly symmetrical about said optical axis at an exit 
pupil of said projection lens; and 

propagating said beam of light through a second portion of said projection 
lens, said second portion of said projection lens including one or more optical 
20 elements, said second portion of said projection lens selected to introduce second 

retardation aberrations resulting from variation in phase with polarization, said one 
or more optical elements causing said second retardance aberrations associated with 
light from an on-axis field point that propagate through said exit pupil of said 
projection lens to be substantially circularly symmetric about said optical axis and 
25 to substantially counter said first polarization aberrations associated with said on- 

axis field point at said exit pupil, and 

positioning a substrate, such that said optical image formed by said beam of 
light output by said projection lens, is formed on said substrate. 
Still another aspect of the invention comprises a semiconductor device formed 

30 according to a process comprising: 

depositing a photosensitive material over a semiconductor wafer; 

illiuninating a mask pattern; 
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transmitting a beam of light along an optical path from said mask pattern 
through a plurality of optical elements, said optical elements having radial and tangential 
eigenpolarization states and said beam having first and second orthogonal polarization 
states each coinciding with said one of said radial and tangential eigenpolarization states 
such that said first polarization state is phase delay with respect to said second polarization 
state; 

transmitting said beam of light, through at least one birefringent element 
having a single uniaxial birefringent axis, said at least one birefringent element having 
radial and tangential eigenpolarization states such that said second polarization state is 
phase delayed with respect to said first polarization state a substantially equal amount to 
reduce the relative phase difference between said first and second orthogonal polarization 

states of said beam of light; 

receiving said beam of light after said beam of light is transmitted through 
said at least one birefringent element, and projecting said beam of light onto said 
photosensitive material over said semiconductor wafer; 

removing portions of photosensitive material to form a pattern in said 
photosensitive material that resembles said mask pattern; and 

processing said semiconductor wafer having said patterned photosensitive 

material thereon. 

Yet another aspect of the invention comprises a photolithography tool comprising: 
a light source outputting light for iUuminating a reticle; 
condenser optics positioned to receive light from said light source, said 

condenser optics positioned to direct an optical beam formed from said light source 

through said reticle; and 

projection optics configured to form an image of said reticle onto a 
substrate, wherein said condenser optics include: 

one or more cubic crystalline optical elements receiving said light 

from said light source, said one or more cubic crystalline optical elements 

having intrinsic birefringence which introduces retardance into said optical 

beam, and 

a form birefringent optical element having form birefringence, said 
form birefringent optical element positioned along a common optical 
pathway through said one or more cubic crystalline optical elements, the 
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form birefringent optical element introducing retardance that substantially 
offsets said retardance imparted on said light transmitted through said one or 
more cubic crystalline optical elements. 
Yet another aspect of the invention comprises a photolithography tool comprising: 
5 a light source outputting light for illuminating a reticle; 

condenser optics positioned to receive light from said light source, said 
condenser optics positioned to direct an optical beam formed from said light 
through said reticle; and 

projection optics configured to form an image of said reticle onto a 
1 0 substrate, said condenser optics including: 

one or more cubic crystalline lens elements receiving said light from 
said light source, said one or more cubic crystalline lens elements having 
intrinsic birefringence which introduces retardance aberrations into said 
optical beam; and 

15 at least one uniaxial birefringent optical element comprising a 

uniaxial birefringent medium, said uniaxial birefringent optical element 
having birefringence which introduces retardance aberrations that are 
substantial conjugate to said retardance aberrations introduced by said one 
or more cubic crystalline lens elements. 

20 

Brief Description of the Drawings 
A more complete understanding of the present invention and advantages thereof 
may be acquired by referring to the following description, taken in conjunction with the 
accompanying drawings in which like reference numbers indicate like features and 
25 wherein: 

FIGURE 1 is a cross-sectional view of a projection optics for an exemplary 
lithography system comprising twenty-one optical elements (eighteen transmissive and 
three reflective); 

FIGURE 2 is a schematic diagram of an exemplary lithography system including a 
30 condenser lens and projection optics; 

FIGURE 3A is a graphical representation of variation of birefringence axis 
orientation with respect to a cubic crystal lattice; 
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FIGURE 3B is a graphical representation of variation of birefringence magnitude 
with respect to a cubic crystal lattice; 

FIGURE 4 is a perspective view showing angular relationships between various 
directions through an exemplary cubic crystalline lattice; 
5 FIGURE 5A is a graphical illustration of retardance magnitude and retardance axis 

orientation in angular space for a cubic crystalline material with respect to the [110] lattice 
direction and indicates the azimuthal orientations of the off-axis peak birefringence lobes; 

FIGURE 5B is a graphical illustration of retardance magnitude and retardance axis 
orientation in angular space for a cubic crystalline material with respect to the [100] lattice 
10 direction and indicates the azimuthal orientations of the off-axis peak birefringence lobes; 

FIGURE 5C is a graphical illustration of retardance magnitude and retardance axis 
orientation in angular space for a cubic crystalline material with respect to the [111] lattice 
direction and indicates the azimuthal orientations of the off-axis peak birefringence lobes; 
FIGURES 6A and 6B illustrate the application of stress to an optical element to 
15 produce a uniaxial birefringent structure having a single birefringence axis substantially 
parallel to the optical axis of the element; 

FIGURE 7 is a graphical illustration showing the net retardance for an exemplary 
stressed element such as shown in FIGURES 6 A and 6B across the exit pupil for an on-axis 
field point, wherein the optical element comprises cubic crystalline calcium fluoride having 
20 with its [100] crystal axis aligned along optical axis; 

FIGURE 8 is a schematic illustration of a form birefringent element comprising a 

multilayer coating; 

FIGURE 9 is a graphical illustration showing the net retardance for an exemplary 
form birefringent element such as shown in FIGURES 8 across the exit pupil for an on-axis 
25 field point, wherein the form birefringent element has a single birefringence axis parallel to 
the optical axis; 

FIGURES 10A and 10B are graphical illustrations showing the net retardance at the 
exit pupil for an exemplary optical system such as shown in FIGURE 1 for on-axis and 
extreme field points, wherein the optical system comprises [111]. cubic crystal calcium 
30 fluoride optical elements having respective crystal axes substantially identically aligned; 

FIGURE 11 is a cross-sectional view of a projection optics similar to that shown in 
FIGURE 1 further comprising a stress plate with uniaxial birefrincence; 
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FIGURE 12 is a graphical illustration showing the net retardance for an exemplary 
optical system such as shown in FIGURE 11 across the exit pupil for an off-axis field 
point; 

FIGURE 13 is a cross-sectional view of a projection optics similar to that shown in 
FIGURE 1 further comprising a form birefringent element; 

FIGURE 14 is a graphical illustration showing the net retardance for an exemplary 
optical system such as shown in FIGURE 13 across the exit pupil for an off-axis field 
point; 

FIGURE 15 is a schematic illustration of a form birefringent a multilayer coating 
that includes an impedance matching layer; 

FIGURE 16A-16C are plots of transmittance (in percentage) versus angle of 
incidence (in degrees) for a form birefringent multilayer on calcium fluoride, a form 
birefringent multilayer that includes impedance matching, and bare calcium fluoride; 

FIGURE 17A and 17B are plots of phase shift (in degrees) versus angle of 
incidence (in degrees) for a form birefringent multilayer on calcium fluoride without an 
impedance matching layer and with an impedance matching layer, respectively 

Detailed Description of the Preferred Embodiments 
It is well-known that cubic crystalline materials like calcium fluoride are favored in 
lithography systems such as the high performance phototithographic tools used in the 
semiconductor manufacturing industry. These crystalline materials are substantially 
transmissive to short wavelength UV tight, which provides for high optical resolution. It is 
also well-known, however, that these cubic crystalline materials exhibit intrinsic 
birefringence, i.e., an inherent anisotropy in refractive index. 

Birefringence, or double-refraction, is a property of refractive materials in which 
the index of refraction is anisotropic, that is, the index of refraction and thus the phase 
velocity is different for different polarizations. For light propagating through a birefringent 
material, the refractive index varies as a function of polarization and orientation of the 
material with respect to the polarization and thus the propagation direction. Unpolarized 
light propagating through a birefringent material will generally separate into two beams 
with orthogonal polarization states. These beams may be referred to as eigenpolarization 
states or eigenpolarizations. The two beams propagate through the material with a different 
phase velocity. As the light passes through a unit length of the birefringent material, the 
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difference in phase velocity for the two ray paths will produce a phase difference between 
the polarizations, which is conventionally referred to as retardance. These two states 
having different phase velocities may be referred to as the slow and fast eigenpolarization 
states. 

5 Birefringence is a unitless quantity, although it is common practice in the 

lithography community to express it in units of nanometer per centimeter (nm/cm). 
Birefringence is a material property, while retardance is an optical delay between 
polarization states. The retardance for a given ray through an optical system may be 
expressed in nanometers (mn), or it may be expressed in terms of number of waves of a 

10 particular wavelength. 

In uniaxial crystals, such as magnesium fluoride or crystal quartz, the direction 
through the birefringent material in which the two orthogonal polarizations travel with the 
same velocity is referred to as the crystal axis. The term optic axis is commonly used 
interchangeably with crystal axis when dealing with single crystals. In systems of lens 

15 elements, the term optical axis usually refers to the symmetry axis of the lens system. To 
avoid confusion, the term optical axis will be used hereinafter only to refer to the symmetry 
axis in a lens system. 

In one simplified case, useful for conceptualizing certain properties of uniaxial 
crystals, the two orthogonal polarizations are linear polarization components that are 

20 directed vertically and horizontally in a plane perpendicular to the direction of propagation 
of the ray. In this particular example, as well as in general, the two orthogonal 
polarizations will travel with different velocities for directions through the material other 
than the crystal axis. For a given incident ray upon a birefringent medium, the two refracted 
rays associated with the two orthogonal polarization states are commonly described as the 

25 ordinary and extraordinary rays. The ordinary ray is polarized perpendicular to the crystal 
axis and refracts according to Snell's Law, and the extraordinary ray is polarized 
perpendicular to the ordinary ray and refracts at an angle that depends on the direction of 
the crystal axis relative to the incident ray and the amount of birefringence. In uniaxial 
crystals, the ordinary ray experiences the same index of refraction regardless of 

30 propagation direction of the ray, as by definition the ordinary ray is polarized perpendicular 
to the crystal axis. The polarization of the extraordinary ray is not always perpendicular to 
the crystal axis. Accordingly, the refractive index of the extraordinary ray depends on the 
propagation direction, i.e., angle, of the ray with respect to the crystal axis. For uniaxial 
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crystals, the index of refraction of the extraordinary ray is the same for all rays that 
propagate at the same angle. The result is symmetry about the crystal axis as will be 
illustrated more fully below. For example, the difference between the ordinary and 
extraordinary index is constant for rays propagating at the same angle with respect to the 
crystal axis. Similarly, the retardance is rotationally symmetric about the crystal axis. As 
is well known, uniaxial crystals are commonly used for optical components such as 
retardation plates and polarizers. 

In contrast, however, the index of refraction is generally not the same for all rays 
that propagate at the same angle. As a result, the retardance experienced is not rotationally 
symmetric about a single line. Cubic crystals have been shown to have both a retardance 
axis orientation and magnitude that vary depending on the propagation direction of the light 
with respect to the orientation of the crystal lattice. However, in contrast with a uniaxial 
crystal that has two propagation directions where the retardance is a maximum, i.e., the two 
opposite directions along the optic or crystal axis, cubic crystals may have a maximum 
birefringence along twelve different propagation directions through the cubic crystal. 

In addition to retardance, which is the difference in the index of refraction seen by 
the two eigenpolarizations, in cubic crystals the average index of refraction also varies as a 
function of angle of incidence, which produces polarization independent phase errors. 

Optical elements constructed from a cubic crystalline material, may cause a 
wavefront to be retarded as a result of the intrinsic birefringence of the optical element. 
Moreover, the retardance magnitude and orientation at a given point on the wavefront may 
vary, because the local propagation angle with respect to the material or the optical path 
length varies across the pupil. Such variations in retardance across the wavefront may be 
referred to as "retardance aberrations." Retardance aberrations split a uniformly polarized 
or unpolarized wavefront into two wavefronts with orthogonal polarizations. Again, these 
orthogonal wavefronts correspond to the eigenpolarization states. Each of the orthogonal 
wavefronts will experience a different refractive index, resulting in different wavefront 
aberrations. 

Optical elements comprising cubic crystalline material therefore introduce 
additional aberrations that are correlated with polarization. These aberrations are generally 
referred to herein as polarization aberrations and include the retardance aberrations 
described above which result from intrinsic birefringence in cubic crystalline materials. 
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Additionally, these polarization aberrations include diattenuation, the variation in optical 
transmission with polarization. 

In cubic crystalline material, these polarization aberrations are significant enough to 
affect image quality in optical systems such as photolithography system used in 
5 semiconductor fabrication processing. Accordingly, methods and apparatus for reducing 
these aberrations have significant value. 

For ease of description, the cubic crystalline materials have crystal axis directions 
and planes described herein using the well-known Miller indices, which are integers with 
no common factors and that are inversely proportional to the intercepts of the crystal planes 
10 along the crystal axes. Lattice planes are given by the Miller indices in parentheses, e.g. 
(100), and axis directions in the direct lattice are given in square brackets, e.g. [111]. The 
crystal lattice direction, e.g. [Ill], may also be referred to as the [111] crystal axis of the 
material or optical element. The (100), (010), and (001) planes are equivalent in a cubic 
crystal and are collectively referred to as the {100} planes. 
15 As discussed above, for cubic crystalline materials, the magnitude of retardance 

depends on the direction of light propagation through the crystal with respect to the 
orientation of the crystal axes and the optical path length within the birefringent medium. 
For example, light propagating through an exemplary cubic crystalline optical element, 
along the [110] crystal axis experiences the maximum retardance, while light propagating 
20 along the [100] crystal axis experiences no retardance. 

Unfortunately, when constructing optical systems from cubic crystalline materials 
such as calcium fluoride, the cost of the optical elements contributes significantly to the 
total cost of these optical systems. In particular, the expense of the materials used to 
fabricate the refractive optical elements drives up the cost. Moreover, optical elements 
25 comprising calcium fluoride having an optical axis directed along the [100] crystalline 
directions, which has the least retardance, is the most expensive to fabricate. Blanks for 
creating refractive elements having an optical axis corresponding to [110] are also 
expensive. In contrast, calcium fluoride grown (or cleaved) in the [111] direction is 
significantly less expensive to fabricate. However, as described above, optical elements 
30 having an optical axis generally coinciding with the [111] direction of the crystalline 
material although least expensive, possess intrinsic birefringence which introduces 
wavefront aberrations that degrade performance of optical systems such as image quality 
and resolution. Although both [100] and [1 1 1] optical elements have zero retardance along 
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their respective optical axes, for [100] optical elements, the retardance increases more 
slowly for rays further and further off-axis. 

FIGURE 1 is a schematic illustration of a projection optics section 100 of an 
exemplary lithography system. The optical system 100 shown in FIGURE 1 is 

5 substantially similar to the optical system shown and described in European Patent 
Application No. 1 1 15 019 A2 by D. Shafer et al. This exemplary optical system 100 is a 
large format catadioptric projection lens having an NA of 0.8, designed for a wavelength of 
157.63 nm and which provides a 5X reduction. Such an optical system 100 is intended to 
be exemplary only and other optical imaging systems and non-imaging systems may be 

10 used in other embodiments. The optical system 100, however, may be the projection optics 
section of a lithography tool in one preferred embodiment. As shown in FIGURE 1, the 
projection lens 100 is disposed between a reticle 102 and a substrate 104. The reticle 102 
may be considered to correspond to the object field with the substrate 104 in the image 

field of the projection lens 100. 

15 The optical system 100 shown is a lens system, commonly referred to collectively 

as a "lens," comprising a plurality of, i.e., twenty-one, individual optical elements A1-A21, 
an optical axis 106, and aperture stop (AS) 108. The reticle 102 includes a mask pattern, 
which is to be projected onto a surface 110 of the substrate 104. Substrate 104 may, for 
example, be a semiconductor wafer used in the semiconductor manufacturing industry, and 

20 surface 1 10 may be coated with a photosensitive material, such as a photoresist commonly 
used in the semiconductor manufacturing industry. Other substrates may be used according 
to other embodiments and applications. Reticle 102 may be a photomask suitable for 
various microlithography tools. Generally speaking, the reticle or photomask, hereinafter 
referred to collectively as reticle 102, includes a pattern in the object field. The pattern 

25 may for example be clear and opaque sections, gray scale sections, clear sections with 
different phase shifts, or a combination of the above. Light is propagated through the 
pattern, and the pattern is projected through the lens system 100 and onto surface 110 of 
substrate 104. The pattern projected from the reticle 102 onto substrate surface 110 may be 
uniformly reduced in size to various degrees such as 5:1, 4:1 or others. The optical system 
30 100 may have a numerical aperture, NA of 0.8, but is not so limited. Systems having other 
numerical apertures, such as for example between about 0.60 to 0.90 or beyond this range 
are conceivable. 
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The arrangement of the plurality of elements A1-A21, is intended to be exemplary 
only and various other arrangements of individual lens elements having various shapes and 
sizes and comprising different materials may be used according to other exemplary 
embodiments. The element thicknesses, spacings, radii of curvature, aspheric coefficients, 
and the like, are considered to be the lens prescription. This lens prescription is not limited 
and will vary with application, performance requirements, cost, and other design 
considerations. 

The optical system 100 shown in FIGURE 1, includes seventeen lens elements Al, 
A3-A5, A8-A20 as well as a window A21. These eighteen optical elements Al, A3-A5, 
A8-A21 are substantially optically transmissive at the wavelength of operation, i.e., for 
example to wavelengths of 157 nanometers. The optical system 100 further includes three 
reflective optical elements A2, A6, and A7, one of which is curved and has power (A6). 
More or less optical elements may be included in other designs. In other embodiments, 
these elements may be powered or unpowered, refractive, reflective, or diffractive and may 
be coated or uncoated. The individual optical elements, A1-A21, are arranged along the 
common optical axis 106 that extends through the lens 1 00. 

In the case where the optical system 100 comprises a plurality of individual lens 
elements Al, A3-A5, A8-A20, or other optically transmissive components, preferably one 
or more comprises cubic crystalline material. Cubic crystalline materials such as for 
example single crystal fluoride materials like strontium fluoride, barium fluoride, hthium 
fluoride, and calcium fluoride may be used. As discussed above, calcium fluoride is one 
preferred material for operation with ultraviolet (UV) light. In an exemplary embodiment, 
most or even all of the cubic crystalline optical elements are formed of the same cubic 
crystalline material. This cubic crystalline material may also have the same 
crystallographic orientation with respect to the optical axis of the lens 100. In one 
preferred embodiment, a majority of the lens elements comprise cubic crystal such as cubic 
crystal calcium fluoride having a <111> crystal axis substantially aligned with the optical 
axis, as these crystals are less expensive than other crystallographic directions. In one 
embodiment, all of the lens or powered optical elements comprise <111> crystal. Non- 
powered transmissive optical elements, for example, windows A21, if any, may also 
comprise <111> crystal. The lens 100 may also include substantially transmissive optical 
elements, which are formed of non-cubic crystalline material such as low-OH fused silica, 
also known as dry fused silica. 
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FIGURE 2 is a schematic illustration showing the optical system 100 functioning as 
the projection optics section within a larger lithography tool 50. FIGURE 2 shows an 
optical source 112 and the substrate 104. The reticle 102 is disposed between condenser 
optics 114 and projection optics 100. The optical field of reticle 102 may be of various 
dimensions. Each of the projection optics 100 and condenser optics 114 may include an 
aperture stop and a plurality of lens elements, windows, and/or other refractive, reflective, 
catadioptric, and diffractive members. The lithography tool 50 shown in FIGURE 2 is 
aligned along the optical axis 106. This lithography tool 50 may be a wafer stepper, 
projection printer, or other photolithography or microlithography tool used in the 
semiconductor industry. The lithography tool 50 may likewise be a scanning optical 
system, a step-and-repeat optical system or other microlithography or projection optics 
system. In a scanning-type optical system, a pattern on reticle 102 is projected and scanned 
onto corresponding sections of surface 110 of substrate 104. In a step-and-repeat optical 
system, such as a conventional wafer stepper, the pattern on reticle 102, is projected onto 
multiple different portions of surface 110 in a plurality of discrete operations. In either 
case, the reticle pattern includes various field points which are projected onto surface 110 ' 
simultaneously. 

The pattern printed on reticle 102 may be used to create a circuit pattern on surface 
110 for an integrated circuit device being fabricated on the substrate 104. The pattern may 
be projected onto a photosensitive material formed on the surface 1 10 to create an exposure 
pattern. The exposure pattern may be developed using conventional means, to produce a 
photo-pattern in the photosensitive material. The photo-pattern may be translated into the 
substrate 104 by etching or other method. A plurality of layers of materials can be 
deposited thereon. The surface 1 10 may be one of the layers and the photo-pattern formed 
on the layer. Etching or other techniques may be used to translate the photo-pattern into 
the layer. Similarly-formed photo-patterns may be used to enable spatially selective doping 
using known methods such as ion implantation. In this manner, multiple photolithographic 
operations, may be used to form various patterns in various layers to create a completed 
semiconductor device such as an integrated circuit. An advantage of the innovative 
techniques described herein is that images formed on the substrate 104 have sufficiently 
low aberration to enable precisely dimensioned and aligned device features to be created 
having reduced sizes. 
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In one exemplary scanning optical system, the optical field of the reticle 102 which 
is projected and scanned onto the substrate surface 110 has a height of few centimeters and 
a width of a few millimeters. Other field dimensions may be used which are suitable for 
the specific applications and may depend on the type of lithography tool in which the 
projection optics are included. Similarly, the format at the image plane where the wafer is 
located may vary as well. 

The optical source 112 produces light that is subsequently shaped and conditioned 
by condenser lens 114. The optical wavelength of source 112 may vary, and may be no 
greater than 248 nanometers in some cases. In one preferred embodiment, light having a 
wavelength of about 157 nanometers may be used. The optical source 112 may produce 
linearly polarized light. One optical source that produces linearly polarized light is an 
excimer laser. In other embodiments, the optical source 112 may produce light having 
other polarizations or which is substantially non-polarized. A KrF excimer laser operating 
at about 248 rnn, an ArF excimer laser operating at about 193 nm, or a F 2 excimer laser 
operating at about 157 nm, are examples of various optical sources 112. 

The light produced by the optical source 112 is shaped and conditioned by the 
condenser lens 114 and propagated through the reticle 102 and the projection optics 100 to 
project an image of the reticle 102 or photomask onto the substrate 110. This light may be 
described as a light beam comprised of a plurality of rays. In accordance with convention, 
the marginal ray is the ray from the point on the object field 102 intersecting the optical 
axis 106, to the edge of the aperture 108 and also intersects the axis 106 at the image field 
104. The chief ray is the ray from a given field point mat passes through the center of the 
aperture stop 108 and system pupils in the optical system 100. For an object field point 
located where the optical axis 106 intersects the reticle 102, the chief ray travels along the 
optical axis 106. Light rays emanating from an individual object field point on the reticle 
or photomask 102 correspond to a wavefront that is propagated through the projection lens 
100 and are ideally focused down to a corresponding image field point at the substrate 104. 
The full image field is therefore generated by a plurality image field points with 
corresponding wavefronts associated therewith. 

As described above, these wavefronts may be aberrated as a result of retardance, 
which has magnitude and orientation that varies with direction in cubic crystalline 
materials, as a result of intrinsic birefringence. FIGURE 3A is a three-dimensional vector 
plot showing the spatial variation in retardance axis orientation within a material having a 
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cubic crystalline lattice. The cubic crystalline lattice may be that of calcium fluoride, for 
example. The crystal axis directions shown in FIGURE 3A as well as in FIGURE 3B are 
described using Miller indices. FIGURE 3B is a three-dimensional plot corresponding to a 
quadrant of the vector plot shown in FIGURE 3 A, and depicts the corresponding magnitude 
5 of the retardance from a cubic crystal. It can be seen that the localized magnitude and axis 
of the retardance vary spatially throughout the crystal in a known fashion. It can also be 
seen that, depending on the direction along which light travels through such a cubic 
crystalline material, the retardance magnitude and the orientation of the retardance axis 
relative to the direction of propagation will vary. FIGURE 3B represents an octant of the 
10 crystal lattice; the extension of this diagram to all possible directions through the crystal 
gives twelve directions with maximum retardance, herein referred to as retardance lobes. 

The crystalline material can therefore be advantageously out along a given plane 
and arranged such that light normal to that plane travels along a chosen axis direction. For 
example, light traveling along the [100] crystal axis 130 (i.e. along the [100] crystal lattice 
15 direction), which is oriented normal to the (100) crystal lattice plane 132, sees a fixed and 
deterministic localized retardance. The retardance magnitude and retardance axis direction 
encountered by a given ray therefore varies as a function of the direction along which the 
light ray travels through the crystal. 

FIGURE 4 is a perspective view showing angular relationships between various 
20 directions through an exemplary cubic crystalline lattice. The cubic crystalline lattice may 
. be that of calcium fluoride, for example. FIGURE 4 includes the peak retardance 
directions along the [101], [110], and [011] lattice directions, indicated by lines 142, 144, 
and 146, respectively. Line 140 represents the [111] crystal axis direction, which 
corresponds to a direction through the crystal with no retardance. 
25 FIGURES 5A, 5B, and 5C are schematic representations of the variations in 

retardance magnitude per unit length in the crystal and retardance axis orientation in 
angular space for optical axis 106 orientations in the [110], [100], and [111] lattice 
directions, respectively, for the cubic crystalline lattice structure shown in FIGURE 4. The 
total retardance through a crystal is the product of the retardance per unit length for a given 
30 ray and the path length. The center of the plot represents the retardance encountered by a 
ray traveling along the indicated crystal axis and normal to the plane of the illustration. 
Retardance depicted at increased radial distance from the center represents the retardance 
for rays at increased angles of propagation with respect to the optical axis 106. These plots, 
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therefore can be used to visualize the retardance encountered from a plurality of rays 
emanating from a point, e.g. on the optical axis 106 through a lens element comprising for 
example [111] material. The ray through the optical axis 106 propagates in the [111] 
direction through the center of the lens element and encounters a retardance with 
magnitude and orientation specified at the center of the plot. A ray emanating from the 
point on the axis but angled will experience retardance specified by the direction indicated 
on these plots. In each of FIGURES 5A-5C, the localized retardance axis is indicated by 
the direction of lines plotted on a square grid, and the magnitude is indicated by the relative 
length of the lines. 

The variation of retardance magnitude in FIGURES 5A-5C is characterized by 
several lobes, also referred to as nodes, distributed azimuthally in which the retardance is 
maximized. Each of FIGURES 5A-5C shows peak retardance lobes with respect to the 
various crystal axis directions in the cubic crystalline lattice shown in FIGURE 4. The 
spatial orientation of the cubic crystalline lattice is indicated by the other related crystalline 
lattice directions indicated by the arrows. For example, in FIGURE 5A in which the center 
represents retardance encountered by a ray traveling along the [110] crystal axis, a ray 
traveling along the [101] lattice direction is at a greater angle with respect to the [110] 
crystal axis than a ray traveling along the [111] lattice direction; these ray angles are at 60° 
and 35.3°, respectively. This is indicated by the [101] arrowhead positioned at a greater 
radial distance from center than the [111] arrowhead. The relative azimuthal directions of 
the indicated [100], [101], and [111] lattice directions are as shown in FIGURE 4. This 
description applies to FIGURES 5B and 5C as well. 

Referring to FIGURES 5A-5C, in each case, the indicated crystal axis is the 
direction normal to the plane of the paper and at the center of each of the respective figures. 
FIGURE 5 A shows retardance with respect to the [110] lattice direction, including peak 
retardance lobes 150A, 150B, 150C and 150D, each which forms an angle of 60° with 
respect to the [110] crystal axis direction. [110] retardance also includes a central 
retardance node. FIGURE 5B shows retardance with respect to the [100] lattice direction, 
including peak retardance lobes 152A, 152B, 152C and 152D each of which forms a 45° 
angle with respect to the [100] crystal axis direction. Near the [100] axis, the retardance 
exhibits a substantial circular symmetry with redardance axis oriented tangentially about 
the [100] axis. There are also peaks along the diagonals at 90° not depicted. FIGURE 5C 
shows retardance along the [111] lattice direction. The [111] cubic crystal exhibits a 

20 



WO 2004/019077 



PCT/US2003/026164 



complex substantially three-fold retardance symmetry near the [111] axis. This retardance 
plot includes peak retardance lobes 154A, 154B, and 154C, each of which forms an angle 
of 35.3° with respect to the [1 1 1] crystal lattice direction. 

The crystal lattice and resulting retardance lobes with respect to the crystal axes 
such as shown in FIGURES 5A-5C, correspond to the exemplary case in which the cubic 
crystals are negative cubic crystals; that is the ordinary refractive index is greater than the 
extraordinary index, so the birefringence, n e - n 0 , is negative. Calcium fluoride is an 
example of a negative cubic crystal. For positive cubic crystals, the patterns would be 
substantially similar except the lines would be each rotated by 90 degrees about their 
midpoints. It should be understood that other cubic crystalline optical elements such as 
barium fluoride, hthium fluoride, and strontium fluoride as well as other materials might be 
used to form optical elements. With respect to any cubic crystalline material used, the 
variations in the retardance direction and magnitude can be measured, or calculated using 
computer modeling. Furthermore, the variations in retardance direction and magnitude of 
an optical material may also be measured. Graphical representations of the variations in 
retardance magnitude and axis orientations similar to those shown in FIGURES 5A-5C can 
be similarly generated for each of the aforementioned cubic crystalline materials. 

Referring again to FIGURE 1, it can be understood that each of the individual 
transmissive optical elements Al, A3-A5, and A8-A21 may be formed of the same cubic 
crystalline optical material such as calcium fluoride. Moreover, these optical elements may 
be formed from cubic crystal having the same crystal orientation, e.g., [110], [100], or 
[111] cubic crystal, and may be arranged with substantially the same lattice orientation 
aligned with the optical axis 106.. For example, the optical elements Al, A3-A5, and A8- 
A21 may be oriented such that their [110] axes are aligned substantially parallel to the 
optical axis 106. In this case then, the net retardance of the lens system 100 will have a 
retardance that varies across the system exit pupil in a similar manner to the angular 
retardance variation shown schematically in FIGURE 5A. Similarly, if all the optical 
elements Al, A3-A5, and A8-A21 are aligned with their [100] axes substantially parallel to 
the optical axis 106, then the net retardance of the lens system 100 will have a retardance 
that varies across the system exit pupil in a similar manner to the angular retardance 
variation shown schematically in FIGURE 5B. 

Likewise, if all the optical elements Al, A3-A5, and A8-A21 are aligned with their 
[111] axes substantially parallel to the optical axis 106 then the net retardance of the lens 
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printers used to produce small features on substrates such as semiconductor wafers and 
other substrates used in the semiconductor manufacturing industry. In particular, calcium 
fluoride finds particular advantage in mat it is an easily obtained cubic crystalline material 
and large high purity single crystals can be grown. These crystals, however, are expensive, 

5 and certain orientations, such as the <100> and <1 10> crytallographic orientations are more 
expensive than others, like the <1 1 1> crystal orientation. 

A primary concern regarding the use of cubic crystalline materials for optical 
elements in deep ultraviolet lithography systems is anisotropy of refractive index inherent 
in cubic crystalline materials; this effect is referred to as "intrinsic birefringence." For light 

10 propagating through a birefringent material, the refractive index varies as a function of 
polarization and orientation of the material with respect to the propagation direction and the 
polarization. Accordingly, different polarization components propagate at different phase 
, velocities and undergo different phase shifts upon passing through an optical element 
comprising birefringent material. 

15 When used for construction of elements of an optical system, the birefringent 

properties of these cubic crystalline materials may produce wavefront aberrations that 
significantly degrade image resolution and introduce field distortion. These aberrations are 
particularly challenging for optical instruments employed in photolithography in today's 
semiconductor manufacturing industry where high resolution and tight overlay 

20 requirements are demanded by an emphasis on increased levels of integration and reduced 
feature sizes. 

It has been recently reported [J. Burnett, Z. H. Levine, and E. Shipley, 'Intrinsic 
Birefringence in 157 nm materials," Proc. 2 nd Intl. Symp. on 157 nm Lithography, Austin, 
Intl. SEMATECH, ed. R. Harbison, 2001] that cubic crystalline materials such as calcium 

25 fluoride, exhibit intrinsic birefringence that scales as the inverse of the square of the 
wavelength of light used in the optical system. The magnitude of this birefringence, 
becomes especially significant when the optical wavelength is decreased below 250 
nanometers and particularly as it approaches 100 nanometers. Of particular interest is the 
effect of intrinsic birefringence at the wavelength of 157 nanometers (nm), the wavelength 

30 of fight produced by an F 2 excimer laser, which is favored in the semiconductor 
manufacturing industry. Strong intrinsic birefringence at this wavelength has the 
unfortunate effect of producing wavefront aberrations that can significantly degrade image 
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resolution and introduce distortion of the image field, particularly for sub-micron projection 
lithography in semiconductor manufacturing. 

Thus, there is a need to reduce these wavefront aberrations caused by intrinsic 
birefringence, which can degrade image resolution and cause image field distortion. Such 
5 correction is particularly desirable in projection lithography systems comprising cubic 
crystalline optical elements using light having wavelengths in the deep ultraviolet range. 

Summary of the Invention 
One aspect of the invention comprises an optical system comprising: 
10 a first optical portion comprising a plurality of cubic crystalline optical elements 

aligned along an optical axis, said plurality of cubic crystalline optical elements being 
birefringent and imparting retardance on a beam of light propagating through said optical 
system along said optical axis; and 

a second optical portion including one or more optical elements, each comprising a 
15 uniaxial birefringent medium having a single birefingent axis inserted along said optical 
axis, said one or more optical elements having an ^mount of birefringence to substantially 
reduce said retardance introduced by said plurality of cubic crystalline optical elements. 

Another aspect of the invention comprises an optical apparatus for transmitting 
light, comprising: 

20 a plurality of optical elements having birefringence that introduces 

retardance to said light; and 

one or more form birefringent optical elements having birefringence that 
produces retardance opposite to said retardance of said plurality of optical elements so as to 
counter said retardance introduced by said plurality of optical elements. 

25 Still another aspect of the invention comprises an optical system for transmitting 

light, said optical system comprising: 

first optics having an optical axis passing therethrough, said first optics 
having radial and tangential eigenpolarization states distributed through a pupil plane 
associated with the optical system, said radial eigenpolarization state being directed 

30 substantially radially away from said optical axis and said tangential eigenpolarization state 
being substantially tangential to circular paths centered about said optical axis, both said 
radial and tangential eigenpolarizations having a distribution of magnitudes that is 
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substantially circularly symmetric about said optical axis such that said magnitudes are 
substantially constant along said circular paths; and 

second optics inserted along said optic axis of said first optical subsystem, 
said second optics having radial and tangential eigenpolarization states distributed through 
5 said pupil plane, said radial eigenpolarization state being directed substantially radially 
away from said optical axis and said tangential eigenpolarization state being substantially 
tangential to circular paths centered about said optical axis, said radial and tangential 
eigenpolarizations having a distribution of magnitudes that is substantially circularly 
symmetric about said optical axis such that said magnitude is substantially constant along 
10 said circular path, 

wherein said radial and tangential eigenpolarization states associated with 
said first optics are phase delayed with respect to each other an amount substantially equal 
to and opposite said radial and tangential eigenpolarization states associated with said 
second optics to reduce total phase delay being imparted on said light in said optical 
15 system. 

Yet another aspect of the invention comprises an optical system that outputs light 
comprising: 

first and second sections each comprising a plurality of symmetrically 
shaped calcium fluoride lens elements, each of said calcium fluoride lens elements being 
symmetrical about a respective optical axis passing therethough, said plurality of 
symmetrically shaped calcium fluoride lens elements arranged along an optical path; and 
at least one uniaxial birefringent optical element in said second section; 
wherein said symmetrically shaped calcium fluoride lens elements in said 
first and second sections together comprise at least about 80% by weight [111] cubic 
crystalline calcium fluoride having a [111] crystal direction substantially parallel to said 
respective optical axis. 

Another aspect of the invention comprises a method of optically imaging, 
comprising: ' 

propagating light through a plurality of cubic crystal elements possessing 
intrinsic birefringence that produce first retardance aberrations; and 

propagating said light through one or more optical elements comprising a 
uniaxial birefringent medium thereby introducing second retardance aberrations 
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substantially identical in magnitude and substantially conjugate in shape to said first 
retardance aberrations so as to substantially offset said first retardance aberrations. 

Another aspect of the invention comprises a method of reducing the retardance 
caused by intrinsic birefringence in an optical system comprising a plurality of [1 1 1] cubic 
5 crystalline optical elements with respective [111] crystal axes aligned along an optical axis, 
said method comprising: 

clocking at least one said [111] cubic crystalline optical element to provide a more 
circularly symmetric retardance pattern over a pupil centered about said optical axis at least 
for on-axis field points; and 
10 introducing one or more uniaxial birefringent elements comprising media having a 

single birefringence axis into said optical system, said one or more uniaxial birefringent 
elements having a substantially circularly symmetric retardance pattern associated 
therewith that is distributed over said pupil centered about said optical axis at least for on- 
axis field points, 

15 wherein said retardance pattern corresponding to said plurality of [111] cubic 

crystal optical elements and said retardance pattern corresponding to said one or more 
uniaxial birefringent elements are opposite such that retardance introduced into an optical 
beam transmitted through said plurality of [111] cubic crystalline elements is substantially 
offset by retardance introduced into said optical beam upon transmitting said beam through 

20 said one or more uniaxial birefringent optical elements. 

Still another aspect of the invention comprises an optical method comprising: 

propagating a beam of light having first and second orthogonal polarization 
components through first optics comprising a plurality of optical elements disposed along 
an optical axis, said first optics having radial and tangential eigenpolarization states that 

25 form a circularly symmetric pattern around said optical axis, said radial and tangential 
eigenpolarization states being phased delayed with respect to each other so as to introduce 
phase delay between said first and second orthogonal polarization components in said beam 
of light; and 

substantially reducing said phase delay between said first and second 
30 orthogonal polarization components in said beam of light by propagating said light through 
second optics disposed along said optical axis, said second optics having radial and 
tangential eigenpolarization states that form a circularly symmetric pattern around said 
optical axis, said radial and tangential eigenpolarization states in said second optics being 
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phased delayed with respect to each other opposite said phase delay between said radial and 
tangential eigenpolarization states of said first optics section. 

Yet another aspect of the invention comprises an optical method comprising: 

propagating a beam of light having first and second orthogonal polarization 

5 components through first optics comprising a plurality of optical elements disposed along 
an optical axis, said first optics having radial and tangential eigenpolarization states that 
form a circularly symmetric pattern around said optical axis, said radial and tangential 
eigenpolarization states being phased delayed with respect to each other so as to introduce 
phase delay between said first and second orthogonal polarization components in said beam 

10 of light; and 

substantially reducing said phase delay between said first and second 
orthogonal polarization components in said beam of light by propagating said light through 
second optics disposed along said optical axis, said second optics having radial and 
tangential eigenpolarization states that form a circularly symmetric pattern around said 
15 optical axis, said radial and tangential eigenpolarization states in said second optics being 
phased delayed with respect to each other opposite said phase delay between said radial and 
tangential eigenpolarization states of said first optics section. 

Another aspect of the invention comprises a photolithography tool comprising: 
a light source outputting light for illuminating a reticle; 
20 condenser optics positioned to receive light from said light source, said 

condenser optics positioned to direct an optical beam formed from said light 
through said reticle; and 

projection optics configured to form an image of said reticle onto a 

substrate, said projection optics including: 

25 one or more cubic crystalline lens elements receiving said directed 

optical beam propagated through said reticle, said one or more cubic 
crystalline lens elements having intrinsic birefringence which introduces 
retardance aberrations into said optical beam; and 

at least one uniaxial birefringent optical element positioned along a 

30 common optical pathway with said reticle and said one or more cubic 

crystalline lens elements, said uniaxial birefringent optical element 
comprising a uniaxial birefringent medium having a single birefringent axis, 
said uniaxial birefringent optical element having birefringence which 
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introduces retardance aberrations into said optical beam that are substantial 
conjugate to said retardance aberrations introduced by said one or more 
cubic crystalline lens elements. 
Another aspect of the invention comprises a method for forming a semiconductor 

5 device comprising: 

propagating a beam of light through a reticle; 
forming an optical image of said reticle by 

directing said beam of light into a first portion of a projection lens 
comprising a plurality of [111] cubic crystalline optical elements having respective 
10 [Hi] cubic crystal axes aligned with a common optical axis through said [111] 

cubic crystalline optical elements, said beam of light becoming aberrated as a result 
of first retardance aberrations introduced by said first portion of said projection 
lens, said first retardance aberrations resulting from variation in phase with 
polarization, said [111] cubic crystalline optical elements being clocked so as to 
15 cause said first retardance aberration associated with light from an on-axis field 

point to be substantially circularly symmetrical about said optical axis at an exit 
pupil of said projection lens; and 

propagating said beam of light through a second portion of said projection 
lens, said second portion of said projection lens including one or more optical 
20 elements, said second portion of said projection lens selected to introduce second 

retardation aberrations resulting from variation in phase with polarization, said one 
or more optical elements causing said second retardance aberrations associated with 
light from an on-axis field point that propagate through said exit pupil of said 
projection lens to be substantially circularly symmetric about said optical axis and 
25 to substantially counter said first polarization aberrations associated with said on- 

axis field point at said exit pupil, and 

positioning a substrate, such that said optical image formed by said beam of 
light output by said projection lens, is formed on said substrate. 
Still another aspect of the invention comprises a semiconductor device formed 
30 according to a process comprising: 

depositing a photosensitive material over a semiconductor wafer; 

illuminating a mask pattern; 
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transmitting a beam of light along an optical path from said mask pattern 
through a plurality of optical elements, said optical elements having radial and tangential 
eigenpolarization states and said beam having first and second orthogonal polarization 
states each coinciding with said one of said radial and tangential eigenpolarization states 
such that said first polarization state is phase delay with respect to said second polarization 
state; 

transmitting said beam of light, through at least one birefringent element 
having a single uniaxial birefringent axis, said at least one birefringent element having 
radial and tangential eigenpolarization states such that said second polarization state is 
..phase delayed with respect to said first polarization state a substantially equal amount to 
reduce the relative phase difference between said first and second orthogonal polarization 

states of said beam of light; 

receiving said beam of light after said beam of light is transmitted through 
said at least one birefringent element, and projecting said beam of light onto said 
photosensitive material over said semiconductor wafer; 

removing portions of photosensitive material to form a pattern in said 
photosensitive material that resembles said mask pattern; and 

processing said semiconductor wafer having said patterned photosensitive 

material thereon. 

Yet another aspect of the invention comprises a photolithography tool comprising: 
a light source outputting light for illuminating a reticle; 
condenser optics positioned to receive light from said light source, said 

condenser optics positioned to direct an optical beam formed from said light source 

through said reticle; and 

projection optics configured to form an image of said reticle onto a 
substrate, wherein said condenser optics include: 

one or more cubic crystalline optical elements receiving said light 

from said light source, said one or more cubic crystalline optical elements 

having intrinsic birefringence which introduces retardance into said optical 

beam, and 

a form birefringent optical element having form birefringence, said 
form birefringent optical element positioned along a common optical 
pathway through said one or more cubic crystalline optical elements, the 
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form birefringent optical element introducing retardance that substantially 
offsets said retardance imparted on said light transmitted through said one or 
more cubic crystalline optical elements. 
Yet another aspect of the invention comprises a photolithography tool comprising: 
5 a light source outputting light for illuminating a reticle; 

condenser optics positioned to receive light from said light source, said 
condenser optics positioned to direct an optical beam formed from said light 
through said reticle; and 

projection optics configured to form an image of said reticle onto a 
1 0 substrate, said condenser optics including: 

one or more cubic crystalline lens elements receiving said light from* 
said light source, said one or more cubic crystalline lens elements having 
intrinsic birefringence which introduces retardance aberrations into said 
optical beam; and 

15 at least one uniaxial birefringent optical element comprising a 

uniaxial birefringent medium, said uniaxial birefringent optical element 
having birefringence which introduces retardance aberrations that are 
substantial conjugate to said retardance aberrations introduced by said one 
or more cubic crystalline lens elements. 

20 

Brief Description of the Drawings 
A more complete understanding of the present invention and advantages thereof 
may be acquired by referring to the following description, taken in conjunction with the 
accompanying drawings in which like reference numbers indicate like features and 
25 wherein: 

FIGURE 1 is a cross-sectional view of a projection optics for an exemplary 
lithography system comprising twenty-one optical elements (eighteen transmissive and 
three reflective); 

FIGURE 2 is a schematic diagram of an exemplary lithography system including a 
30 condenser lens and projection optics; 

FIGURE 3A is a graphical representation of variation of birefringence axis 
orientation with respect to a cubic crystal lattice; 
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FIGURE 3B is a graphical representation of variation of birefringence magnitude 
with respect to a cubic crystal lattice; 

FIGURE 4 is a perspective view showing angular relationships between various 
directions through an exemplary cubic crystalline lattice; 

FIGURE 5 A is a graphical illustration of retardance magnitude and retardance axis 
orientation in angular space for a cubic crystalline material with respect to the [1 10] lattice 
direction and indicates the azimuthal orientations of the off-axis peak birefringence lobes; 

FIGURE 5B is a graphical illustration of retardance magnitude and retardance axis 
orientation in angular space for a cubic crystalline material with respect to the [100] lattice 
direction and indicates the azimuthal orientations of the off-axis peak birefringence lobes; 

FIGURE 5C is a graphical illustration of retardance magnitude and retardance axis 
orientation in angular space for a cubic crystalline material with respect to the [1 1 1] lattice 
direction and indicates the azimuthal orientations of the off-axis peak birefringence lobes; 

FIGURES 6A and 6B illustrate the application of stress to an optical element to 
produce a uniaxial birefringent structure having a single birefringence axis substantially 
parallel to the optical axis of the element; 

FIGURE 7 is a graphical illustration showing the net retardance for an exemplary 
stressed element such as shown in FIGURES 6A and 6B across the exit pupil for an on-axis 
field point, wherein the optical element comprises cubic crystalline calcium fluoride having 
with its [100] crystal axis aligned along optical axis; 

FIGURE 8 is a schematic illustration of a form birefringent element comprising a 

multilayer coating; 

FIGURE 9 is a graphical illustration showing the net retardance for an exemplary 
form birefringent element such as shown in FIGURES 8 across the exit pupil for an on-axis 
field point, wherein the form birefringent element has a single birefringence axis parallel to 
the optical axis; 

FIGURES 10A and 10B are graphical illustrations showing the net retardance at the 
exit pupil for an exemplary optical system such as shown in FIGURE 1 for on-axis and 
extreme field points, wherein the optical system comprises [111], cubic crystal calcium 
fluoride optical elements having respective crystal axes substantially identically aligned; 

FIGURE 1 1 is a cross-sectional view of a projection optics similar to that shown in 
FIGURE 1 further comprising a stress plate with uniaxial birefrincence; 
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FIGURE 12 is a graphical illustration showing the net retardance for an exemplary 
optical system such as shown in FIGURE 11 across the exit pupil for an off-axis field 
point; 

FIGURE 13 is a cross-sectional view of a projection optics similar to that shown in 
FIGURE 1 further comprising a form bfrefringent element; 

FIGURE 14 is a graphical illustration showing the net retardance for an exemplary 
optical system such as shown in FIGURE 13 across the exit pupil for an off-axis field 
point; 

FIGURE 15 is a schematic illustration of a form birefringent a multilayer coating 
that includes an impedance matching layer; 

FIGURE 16A-16C are plots of transmittance (in percentage) versus angle of 
incidence (in degrees) for a form birefringent multilayer on calcium fluoride, a form 
birefringent multilayer that includes impedance matching, and bare calcium fluoride; 

FIGURE 17A and 17B are plots of phase shift (in degrees) versus angle of 
incidence (in degrees) for a form bkefringent multilayer on calcium fluoride without an 
impedance matching layer and with an impedance matching layer, respectively 

Detailed Description of the Preferred Embodiments 
It is well-known that cubic crystalline materials like calcium fluoride are favored in 
lithography systems such as the high performance photolithographic tools used in the 
semiconductor manufacturing industry. These crystalline materials are substantially 
transmissive to short wavelength UV light, which provides for high optical resolution. It is 
also well-known, however, that these cubic crystalline materials exhibit intrinsic 
birefringence, i.e., an inherent anisotropy in refractive index. 

Birefringence, or double-refraction, is a property of refractive materials in which 
the index of refraction is anisotropic, that is, the index of refraction and thus the phase 
velocity is different for different polarizations. For light propagating through a birefringent 
material, the refractive index varies as a function of polarization and orientation of the 
material with respect to the polarization and thus the propagation direction. Unpolarized 
light propagating through a birefringent material will generally separate into two beams 
with orthogonal polarization states. These beams may be referred to as eigenpolarization 
states or eigenpolarizations. The two beams propagate through the material with a different 
phase velocity. As the light passes through a unit length of the birefringent material, the 
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difference in phase velocity for the two ray paths will produce a phase difference between 
the polarizations, which is conventionally referred to as retardance. These two states 
having different phase velocities may be referred to as the slow and fast eigenpolarization 
states. 

Birefringence is a unitless quantity, although it is common practice in the 
lithography community to express it in units of nanometer per centimeter (nm/cm). 
Birefringence is a material property, while retardance is an optical delay between 
polarization states. The retardance for a given ray through an optical system may be 
expressed in nanometers (ran), or it may be expressed in terms of number of waves of a 
particular wavelength. 

In uniaxial crystals, such as magnesium fluoride or crystal quartz, the direction 
through the birefringent material in which the two orthogonal polarizations travel with the 
same velocity is referred to as the crystal axis. The term optic axis is commonly used 
interchangeably with crystal axis when dealing with single crystals. In systems of lens 
elements, the term optical axis usually refers to the symmetry axis of the lens system. To 
avoid confusion, the term optical axis will be used hereinafter only to refer to the symmetry 
axis in a lens system. 

In one simplified case, useful for conceptualizing certain properties of uniaxial 
crystals, the two orthogonal polarizations are linear polarization components that are 
directed vertically and horizontally in a plane perpendicular to the direction of propagation 
of the ray. In this particular example, as well as in general, the two orthogonal 
polarizations will travel with different velocities for directions through the material other 
than the crystal axis. For a given incident ray upon a birefringent medium, the two refracted 
rays associated with the two orthogonal polarization states are commonly described as the 
ordinary and extraordinary rays. The ordinary ray is polarized perpendicular to the crystal 
axis and refracts according to Snell's Law, and the extraordinary ray is polarized 
perpendicular to the ordinary ray and refracts at an angle that depends on the direction of 
the crystal axis relative to the incident ray and the amount of birefringence. In uniaxial 
crystals, the ordinary ray experiences the same index of refraction regardless of 
propagation direction of the ray, as by definition the ordinary ray is polarized perpendicular 
to the crystal axis. The polarization of the extraordinary ray is not always perpendicular to 
the crystal axis. Accordingly, the refractive index of the extraordinary ray depends on the 
propagation direction, i.e., angle, of the ray with respect to the crystal axis. For uniaxial 
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crystals, the index of refraction of the extraordinary ray is the same for all rays that 
propagate at the same angle. The result is symmetry about the crystal axis as will be 
illustrated more folly below. For example, the difference between the ordinary and 
extraordinary index is constant for rays propagating at the same angle with respect to the 
crystal axis. Similarly, the retardance is rotationally symmetric about the crystal axis. As 
is well known, uniaxial crystals are commonly used for optical components such as 
retardation plates and polarizers. 

In contrast, however, the index of refraction is generally not the same for all rays 
that propagate at the same angle. As a result, the retardance experienced is not rotationally 
symmetric about a single line. Cubic crystals have been shown to have both a retardance 
axis orientation and magnitude that vary depending on the propagation direction of the light 
with respect to the orientation of the crystal lattice. However, in contrast with a uniaxial 
crystal that has two propagation directions where the retardance is a maximum, i.e., the two 
opposite directions along the optic or crystal axis, cubic crystals may have a maximum 
birefringence along twelve different propagation directions through the cubic crystal. 

In addition to retardance, which is the difference in the index of refraction seen by 
the two eigenpolarizations, in cubic crystals the average index of refraction also varies as a 
function of angle of incidence, which produces polarization independent phase errors. 

Optical elements constructed from a cubic crystalline material, may cause a 
wavefront to be retarded as a result of the intrinsic birefringence of the optical element. 
Moreover, the retardance magnitude and orientation at a given point on the wavefront may 
vary, because the local propagation angle with respect to the material or the optical path 
length varies across the pupil. Such variations in retardance across the wavefront may be 
referred to as "retardance aberrations." Retardance aberrations split a uniformly polarized 
or unpolarized wavefront into two wavefronts with orthogonal polarizations. Again, these 
orthogonal wavefronts correspond to the eigenpolarization states. Each of the orthogonal 
wavefronts will experience a different refractive index, resulting in different wavefront 
aberrations. 

Optical elements comprising cubic crystalline material therefore introduce 
additional aberrations that are correlated with polarization. These aberrations are generally 
referred to herein as polarization aberrations and include the retardance aberrations 
described above which result from intrinsic birefringence in cubic crystalline materials. 
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Additionally, these polarization aberrations include diattenuation, the variation in optical 
transmission with polarization. 

In cubic crystalline material, these polarization aberrations are significant enough to 
affect image quality in optical systems such as photolithography system used in 
5 semiconductor fabrication processing. Accordingly, methods and apparatus for reducing 
these aberrations have significant value. 

For ease of description, the cubic crystalline materials have crystal axis directions 
and planes described herein using the well-known Miller indices, which are integers with 
no common factors and that are inversely proportional to the intercepts of the crystal planes 
10 along the crystal axes. Lattice planes are given by the Miller indices in parentheses, e.g. 
(100), and axis directions in the direct lattice are given in square brackets, e.g. [111]. The 
crystal lattice direction, e.g. [Ill], may also be referred to as the [111] crystal axis of the 
material or optical element. The (100), (010), and (001) planes are equivalent in a cubic 
crystal and are collectively referred to as the {100} planes. 
15 As discussed above, for cubic crystalline materials, the magnitude of retardance 

depends on the direction of light propagation through the crystal with respect to the 
orientation of the crystal axes and the optical path length within the birefringent medium. 
For example, light propagating through an exemplary cubic crystalline optical element, 
along the [110] crystal axis experiences the maximum retardance, while light propagating 
20 along the [100] crystal axis experiences no retardance. 

Unfortunately, when constructing optical systems from cubic crystalline materials 
such as calcium fluoride, the cost of the optical elements contributes significantly to the 
total cost of these optical systems. In particular, the expense of the materials used to 
fabricate the refractive optical elements drives up the cost. Moreover, optical elements 
25 comprising calcium fluoride having an optical axis directed along the [100] crystalline 
directions, which has the least retardance, is the most expensive to fabricate. Blanks for 
creating refractive elements having an optical axis corresponding to [110] are also 
expensive. In contrast, calcium fluoride grown (or cleaved) in the [111] direction is 
significantly less expensive to fabricate. However, as described above, optical elements 
30 having an optical axis generally coinciding with the [111] direction of the crystalline 
material although least expensive, possess intrinsic birefringence which introduces 
wavefront aberrations that degrade performance of optical systems such as image quality 
and resolution. Although both [100] and [1 1 1] optical elements have zero retardance along 
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their respective optical axes, for [100] optical elements, the retardance increases more 
slowly for rays further and further off-axis. 

FIGURE 1 is a schematic illustration of a projection optics section 100 of an 
exemplary lithography system. The optical system 100 shown in FIGURE 1 is 
5 substantially similar to the optical system shown and described in European Patent 
Application No. 1 115 019 A2 by D. Shafer et al. This exemplary optical system 100 is a 
large format catadioptric projection lens having an NA of 0.8, designed for a wavelength of 
157.63 nm and which provides a 5X reduction. Such an optical system 100 is intended to 
be exemplary only and other optical imaging systems and non-imaging systems may be 
10 used in other embodiments. The optical system 100, however, may be the projection optics 
section of a lithography tool in one preferred embodiment. As shown in FIGURE 1, the 
projection lens 100 is disposed between a reticle 102 and a substrate 104. The reticle 102 
may be considered to correspond to the object field with the substrate 104 in the image 
field of the projection lens 100. 
15 The optical system 100 shown is a lens system, commonly referred to collectively 

as a "lens," comprising a plurality of, i.e., twenty-one, individual optical elements A1-A21, 
an optical axis 106, and aperture stop (AS) 108. The reticle 102 includes a mask pattern, 
which is to be projected onto a surface 110 of the substrate 104. Substrate 104 may, for 
example, be a semiconductor wafer used in the semiconductor manufacturing industry, and 
20 surface 1 10 may be coated with a photosensitive material, such as a photoresist commonly 
used in the semiconductor manufacturing industry. Other substrates may be used according 
to other embodiments and applications. Reticle 102 may be a photomask suitable for 
various microlithography tools. Generally speaking, the reticle or photomask, hereinafter 
referred to collectively as reticle 102, includes a pattern in the object field. The pattern 
25 may for example be clear and opaque sections, gray scale sections, clear sections with 
different phase shifts, or a combination of the above. Light is propagated through the 
pattern, and the pattern is projected through the lens system 100 and onto surface 110 of 
substrate 104. The pattern projected from the reticle 102 onto substrate surface 110 may be 
uniformly reduced in size to various degrees such as 5:1, 4:1 or others. The optical system 
30 100 may have a numerical aperture, NA, of 0.8, but is not so limited. Systems having other 
numerical apertures, such as for example between about 0.60 to 0.90 or beyond this range 
are conceivable. 
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The arrangement of the plurality of elements A1-A21, is intended, to be exemplary 
only and various other arrangements of individual lens elements having various shapes and 
sizes and comprising different materials may be used according to other exemplary 
embodiments. The element thicknesses, spacings, radii of curvature, aspheric coefficients, 
and the like, are considered to be the lens prescription. This lens prescription is not limited 
and will vary with application, performance requirements, cost, and other design 
considerations. 

The optical system 100 shown in FIGURE 1, includes seventeen lens elements Al, 
A3-A5, A8-A20 as well as a window A21. These eighteen optical elements Al, A3-A5, 
A8-A21 are substantially optically transmissive at the wavelength of operation, i.e., for 
example to wavelengths of 157 nanometers. The optical system 100 further includes three 
reflective optical elements A2, A6, and A7, one of which is curved and has power (A6). 
More or less optical elements may be included in other designs. In other embodiments, 
these elements may be powered or unpowered, refractive, reflective, or diffractive .and may 
be coated or uncoated. The individual optical elements, A1-A21, are arranged along the 
common optical axis 106 that extends through the lens 100. 

In the case where the optical system 100 comprises a plurality of individual lens 
elements Al, A3-A5, A8-A20, or other optically transmissive components, preferably one 
or more comprises cubic crystalline material. Cubic crystalline materials such as for 
example single crystal fluoride materials like strontium fluoride, barium fluoride, lithium 
fluoride, and calcium fluoride may be used. As discussed above, calcium fluoride is one 
preferred material for operation with ultraviolet (UV) light. In an exemplary embodiment, 
most or even all of the cubic crystalline optical elements are formed of the same cubic 
crystalline material. This cubic crystalline material may also have the same 
crystallographic orientation with respect to the optical axis of the lens 100. In one 
preferred embodiment, a majority of the lens elements comprise cubic crystal such as cubic 
crystal calcium fluoride having a <111> crystal axis substantially aligned with the optical 
axis, as these crystals are less expensive than other crystallographic directions. In one 
embodiment, all of the lens or powered optical elements comprise <111> crystal. Non- 
powered transmissive optical elements, for example, windows A21, if any, may also 
comprise <111> crystal. The lens 100 may also include substantially transmissive optical 
elements, which are formed of non-cubic crystalline material such as low-OH fused silica, 
also known as dry fused silica. 
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FIGURE 2 is a schematic illustration showing the optical system 100 functioning as 
the projection optics section within a larger lithography tool 50. FIGURE 2 shows an 
optical source 112 and the substrate 104. The reticle 102 is disposed between condenser 
optics 114 and projection optics 100. The optical field of reticle 102 may be of various 

5 dimensions. Each of the projection optics 100 and condenser optics 114 may include an 
aperture stop and a plurality of lens elements, windows, and/or other refractive, reflective, 
catadioptric, and diffractive members. The lithography tool 50 shown in FIGURE 2 is 
aligned along the optical axis 106. This lithography tool 50 may be a wafer stepper, 
projection printer, or other photolithography or microlithography tool used in the 

10 semiconductor industry. The lithography tool 50 may likewise be a scanning optical 
system, a step-and-repeat optical system or other microlithography or projection optics 
system. In a scanning-type optical system, a pattern on reticle 102 is projected and scanned 
onto corresponding sections of surface 110 of substrate 104. In a step-and-repeat optical 
system, such as a conventional wafer stepper, the pattern on reticle 102, is projected onto 

15 multiple different portions of surface 110 in a plurality of discrete operations. In either 
case, the reticle pattern includes various field points which are projected onto surface 110 1 
simultaneously. 

The pattern printed on reticle 102 may be used to create a circuit pattern on surface 
1 10 for an integrated circuit device being fabricated on the substrate 104. The pattern may 

20 be projected onto a photosensitive material formed on the surface 1 10 to create an exposure 
pattern. The exposure pattern may be developed using conventional means, to produce a 
photo-pattern in the photosensitive material. The photo-pattern may be translated into the 
substrate 104 by etching or other method. A plurality of layers of materials can be 
deposited thereon. The surface 1 10 may be one of the layers and the photo-pattern formed 

25 on the layer. Etching or other techniques may be used to translate the photo-pattern into 
the layer. Similarly-formed photo-patterns may be used to enable spatially selective doping 
using known methods such as ion implantation. In this manner, multiple photolithographic 
operations, may be used to form various patterns in various layers to create a completed 
semiconductor device such as an integrated circuit. An advantage of the innovative 

30 techniques described herein is that images formed on the substrate 104 have sufficiently 
low aberration to enable precisely dimensioned and aligned device features to be created 
having reduced sizes. 



17 



WO 2004/019077 



PCT/US2003/026164 



In one exemplary scanning optical system, the optical field of the reticle 102 which 
is projected and scanned onto the substrate surface 110 has a height of few centimeters and 
a width of a few millimeters. Other field dimensions may be used which are suitable for 
the specific applications and may depend on the type of lithography tool in which the 
projection optics are included. Similarly, the format at the image plane where the wafer is 
located may vary as well. 

The optical source 112 produces light that is subsequently shaped and conditioned 
by condenser lens 114. The optical wavelength of source 112 may vary, and may be no 
greater than 248 nanometers in some cases. In one preferred embodiment, light having a 
wavelength of about 157 nanometers may be used. The optical source 112 may produce 
linearly polarized light One optical source that produces linearly polarized light is an 
excimer laser. In other embodiments, the optical source 112 may produce light having 
other polarizations or which is substantially non-polarized. A KrF excimer laser operating 
at about 248 nm, an ArF excimer laser operating at about 193 nm, or a F 2 excimer laser 
operating at about 157 nm, are examples of various optical sources 112. 

The light produced by the optical source 112 is shaped and conditioned by the 
condenser lens 1 14 and propagated through the reticle 102 and the projection optics 100 to 
project an image of the reticle 102 or photomask onto the substrate 110. This light may be 
described as a light beam comprised of a plurality of rays. In accordance with convention, 
the marginal ray is the ray from the point on the object field 102 intersecting the optical 
axis 106, to the edge of the aperture 108 and also intersects the axis 106 at the image field 
104. The chief ray is the ray from a given field point that passes through the center of the 
aperture stop 108 and system pupils in the optical system 100. For an object field point 
located where the optical axis 106 intersects the reticle 102, the chief ray travels along the 
optical axis 106. Light rays emanating from an individual object field point on the reticle 
or photomask 102 correspond to a wavefront that is propagated through the projection lens 
100 and are ideally focused down to a corresponding image field point at the substrate 104. 
The full image field is therefore generated by a plurality image field points with 
corresponding wavefronts associated therewith. 

As described above, these wavefronts may be aberrated as a result of retardance, 
which has magnitude and orientation that varies with direction in cubic crystalline 
materials, as a result of intrinsic birefringence. FIGURE 3 A is a three-dimensional vector 
plot showing the spatial variation in retardance axis orientation within a material having a 
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cubic crystalline lattice. The cubic crystalline lattice may be that of calcium fluoride, for 
example. The crystal axis directions shown in FIGURE 3A as well as in FIGURE 3B are 
described using Miller indices. FIGURE 3B is a three-dimensional plot corresponding to a 
quadrant of the vector plot shown in FIGURE 3 A, and depicts the corresponding magnitude 
5 of the retardance from a cubic crystal. It can be seen that the localized magnitude and axis 
of the retardance vary spatially throughout the crystal in a known fashion. It can also be 
seen that, depending on the direction along which light travels through such a cubic 
crystalbne material, the retardance magnitude and the orientation of the retardance axis 
relative to the direction of propagation will vary. FIGURE 3B represents an octant of the 
10 crystal lattice; the extension of this diagram to all possible directions through the crystal 
gives twelve directions with maximum retardance, herein referred to as retardance lobes. 

The crystalline material can therefore be advantageously cut along a given plane 
and arranged such that light normal to that plane travels along a chosen axis direction. For 
example, light traveling along the [100] crystal axis 130 (i.e. along the [100] crystal lattice 
15 direction), which is oriented normal to the (100) crystal lattice plane 132, sees a fixed and 
deterministic localized retardance. The retardance magnitude and retardance axis direction 
encountered by a given ray therefore varies as a function of the direction along which the 
light ray travels through the crystal. 

FIGURE 4 is a perspective view showing angular relationships between various 
20 directions through an exemplary cubic crystalline lattice. The cubic crystalline lattice may 
. be that of calcium fluoride, for example. FIGURE 4 includes the peak retardance 
directions along the [101], [110], and [011] lattice directions, indicated by lines 142, 144, 
and 146, respectively. Line 140 represents the [111] crystal axis direction, which 
corresponds to a direction through the crystal with no retardance. 
25 FIGURES 5A, 5B, and 5C are schematic representations of the variations in 

retardance magnitude per unit length in the crystal and retardance axis orientation in 
angular space for optical axis 106 orientations in the [110], [100], and [111] lattice 
directions, respectively, for the cubic crystalline lattice structure shown in FIGURE 4. The 
total retardance through a crystal is the product of the retardance per unit length for a given 
30 ray and the path length. The center of the plot represents the retardance encountered by a 
ray traveling along the indicated crystal axis and normal to the plane of the illustration. 
Retardance depicted at increased radial distance from the center represents the retardance 
for rays at increased angles of propagation with respect to the optical axis 106. These plots, 
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therefore can be used to visualize the retardance encountered from a plurality of rays 
emanating from a point, e.g. on the optical axis 106 through a lens element comprising for 
example [111] material. The ray through the optical axis 106 propagates in the [111] 
direction through the center of the lens element and encounters a retardance with 
magnitude and orientation specified at the center of the plot. A ray emanating from the 
point on the axis but angled will experience retardance specified by the direction indicated 
on these plots. In each of FIGURES 5A-5C, the localized retardance axis is indicated by 
the direction of lines plotted on a square grid, and the magnitude is indicated by the relative 
length of the lines. 

The variation of retardance magnitude in FIGURES 5A-5C is characterized by 
several lobes, also referred to as nodes, distributed azimuthally in which the retardance is 
maximized. Each of FIGURES 5A-5C shows peak retardance lobes with respect to the 
various crystal axis directions in the cubic crystalline lattice shown in FIGURE 4. The 
spatial orientation of the cubic crystalline lattice is indicated by the other related crystalline 
lattice directions indicated by the arrows. For example, in FIGURE 5 A in which the center 
represents retardance encountered by a ray traveling along the [110] crystal axis, a ray 
traveling along the [101] lattice direction is at a greater angle with respect to the [110] 
crystal axis than a ray traveling along the [111] lattice direction; these ray angles are at 60° 
and 35.3°, respectively. This is indicated by the [101] arrowhead positioned at a greater 
radial distance from center than the [111] arrowhead. The relative azimuthal directions of 
the indicated [100], [101], and [111] lattice directions are as shown in FIGURE 4. This 
description applies to FIGURES 5B and 5C as well. 

Referring to FIGURES 5A-5C, in each case, the indicated crystal axis is the 
direction normal to the plane of the paper and at the center of each of the respective figures. 
FIGURE 5A shows retardance with respect to the [110] lattice direction, including peak 
retardance lobes 150A, 150B, 150C and 150D, each which forms an angle of 60° with 
respect to the [110] crystal axis direction. [110] retardance also includes a central 
retardance node. FIGURE 5B shows retardance with respect to, the [100] lattice direction, 
including peak retardance lobes 152A 152B, 152C and 152D each of which forms a 45° 
angle with respect to the [100] crystal axis direction. Near the [100] axis, the retardance 
exhibits a substantial circular symmetry with redardance axis oriented tangentially about 
the [100] axis. There are also peaks along the diagonals at 90° not depicted. FIGURE 5C 
shows retardance along the [111] lattice direction. The [111] cubic crystal exhibits a 
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complex substantially three-fold retardance symmetry near the [111] axis. This retardance 
plot includes peak retardance lobes 154A, 154B, and 154C, each of which forms an angle 
of 35.3° with respect to the [1 1 1] crystal lattice direction. 

The crystal lattice and resulting retardance lobes with respect to the crystal axes 
such as shown in FIGURES 5A-5C, correspond to the exemplary case in which the cubic 
crystals are negative cubic crystals; that is the ordinary refractive index is greater than the 
extraordinary index, so the birefringence, n e - n 0 , is negative. Calcium fluoride is an 
example of a negative cubic crystal. For positive cubic crystals, the patterns would be 
substantially similar except the lines would be each rotated by 90 degrees about their 
midpoints. It should be understood that other cubic crystalline optical elements such as 
barium fluoride, lithium fluoride, and strontium fluoride as well as other materials might be 
used to form optical elements. With respect to any cubic crystalline material used, the 
variations in the retardance direction and magnitude can be measured, or calculated using 
computer modeling. Furthermore, the variations in retardance direction and magnitude of 
an optical material may also be measured. Graphical representations of the variations in 
retardance magnitude and axis orientations similar to those shown in FIGURES 5A-5C can 
be similarly generated for each of the aforementioned cubic crystalline materials. 

Referring again to FIGURE 1, it can be understood that each of the individual 
transmissive optical elements Al, A3-A5, and A8-A21 may be formed of the same cubic 
crystalline optical material such as calcium fluoride. Moreover, these optical elements may 
be formed from cubic crystal having the same crystal orientation, e.g., [110], [100], or 
[111] cubic crystal, and may be arranged with substantially the same lattice orientation 
aligned with the optical axis 106., For example, the optical elements Al, A3-A5, and A8- 
A21 may be oriented such that their [110] axes are aligned substantially parallel to the 
optical axis 106. In this case then, the net retardance of the lens system 100 will have a 
retardance that varies across the system exit pupil in a similar manner to the angular 
retardance variation shown schematically in FIGURE 5A. Similarly, if all the optical 
elements Al, A3-A5, and A8-A21 are aligned with their [100] axes substantially parallel to 
the optical axis 106, then the net retardance of the lens system 100 will have a retardance 
that varies across the system exit pupil in a similar manner to the angular retardance 
variation shown schematically in FIGURE 5B. 

Likewise, if all the optical elements Al, A3-A5, and A8-A21 are aligned with their 
[111] axes substantially parallel to the optical axis 106 then the net retardance of the lens 
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system 100 will have a retardance that varies across the system exit pupil in a similar 
manner to the angular retardance variation depicted schematically in FIGURE 5C. 
Accordingly, for a lens 100 comprising a plurality of [111] optical elements with the 
respective [111] crystal directions aligned substantially along the optical axis 106, the 
retardance distribution includes peak retardance lobes 154A, 154B, and 154C, each of 
which forms an angle of 35.3° with respect to the [111] crystal lattice direction. Also as 
illustrated in FIGURE 5C, a large portion of the local retardance axes within these lobes 
154A, 154B, and 154C are oriented substantially radially away from the [111] axis. An 
inset to FIGS. 5C depicts an exemplary radial direction represented by a vector R 
extending from a center point, C. This centerpoint, C, is coincident with the optical axis 
106, (i.e. the Z axis) which is shown in the inset at the intersection of X and Y axes. 

Located between these retardance lobes 154A, 154B, 154C are sections 164A, 
164B, 164C corresponding to generally lower retardance man within the lobes. As shown, 
the retardance axes in these sections 164A, 164B, 164C, are not substantially radially 
directed, i.e. oriented in a radial direction away from the optical axis 106, as are the 
retardance axes found in the lobes 154A, 154B, and 154C. Accordingly, for many lenses 
100 comprising a plurality of [111] optical elements with the respective [111] crystal 
directions aligned substantially identically along the optical axis, the retardance oscillates 
between high and low values in the tangential direction, T, that is along circular paths 170 
centered about the optical axis 106 as depicted in the inset. Thus, sampling the distribution 
of rays passing through the exit pupil by sweeping azimuthally 360 degrees about the 
optical axis 106, which corresponds to the angular direction <p, the magnitude of the 
retardance may increase and decrease. In addition, the retardance axes are oriented more 
in a radial direction in the peak regions 154A, 154B, and 154C, than in the sections 164A, 
164B, 164C between these lobes, especially at positions in the pupil farther from the optical 
axis 106. For numerical apertures greater than about 0.5, this non-circularly symmetric 
effect will likely be present. With smaller numerical apertures, and likewise smaller 
aperture stops and entrance and exit pupils, a level of circular symmetry may be 
discernable. However, for large apertures and pupils and larger bundles of rays, denned by 
larger f-numbers and numerical apertures, the observed pattern are more likely to be non- 
circularly symmetric. 

As described below, the local retardance axes in retardance patterns presented 
herein describe local retardance effects experienced by a bundle of rays propagating though 
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one or more optical elements. This bundle of rays may for example extend as a cone from 
a point on-axis. The expanse of this cone of rays may be defined by a solid angle or 
numerical aperture. Different rays of light in this cone will be incident on the optical 
element or elements at different locations. Similarly, these different rays will also be 
located at different positions in the aperture or pupils associated with the optical element or 
plurality of optical elements. Moreover, these different rays of light will be incident on the 
optical elements) at different vertical and horizontal angles and have different path lengths 
through the optical elements. The variation in vertical and horizontal angle and optical 
path length results in different retardance which may be characterized by the retardance 
patterns or retardance distributions mapped across a selected region such as a reference 
plane or reference sphere. The retardance pattern may, for example, be mapped at the exit 
pupil. These local retardance axes are therefore constructs used to characterize the 
retardance encountered by a ray of light passing through a specific location in the pupil 
Retardance patterns correspond to distributions of the retardance experienced by a plurality 
of rays of light at, for example, a reference sphere at the pupil. Another construct useful for 
characterizing the retardance of an optical system 100 are the eigenpolarization states as 
discussed more fully below. 

The actual retardance experienced by this bundle of rays propagating through the 
optical system 100 will depend on the optical properties of the elements as determined, for 
example, by their shapes, thicknesses, and separations, etc. In addition, the retardance 
pattern may be affected by the field angle. In the discussion above with respect to FIG. 5C, 
wherein the optical axis 106 is aligned with the [111] direction, the bundle of rays was 
assumed to pass through on-axis image and object points. 

Other configurations, however, are possible. In various preferred embodiments 
described herein, one or more of the optical elements Al, A3-A5, and A8-A21 are rotated 
about the optical axis 106 to alter the retardance distribution. The process of generally 
rotating one or more of the transmissive optical elements Al, A3-A5, and A8-A21 about 
the optical axis 106 is referred to as clocking. 

In various preferred embodiments described herein, [111] cubic crystal optical 
elements, are clocked to provide more uniform retardance characteristics for rays 
propagating through the lens system 100. Preferably, this azimuthal rotation in the ±<p 
direction, causes the regions 154A, 154B, 154C and 164A, 164B, and 164C associated with 
the optical elements Al, A3-A5, and A8-A21 to overlap and merge, forming a more 
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homogeneous retardance distribution. For example, one or more of the optical elements 
Al, A3-A5, and A8-A21 may be rotated clockwise or counter-clockwise such that the lobes 
154A, 154B, 154C associated with the rotated elements are superimposed on the sections 
164A, 164B, 164C between the lobes 154A, 154B, 154C of other elements. Contributions 

5 of retardance at the lobes 154A, 154B, 154C can be introduced into sections 164A, 164B, 
164C between lobes. As a consequence, the differences between the retardance lobes 
154A, 154B, and 154C and sections 164A, 164B, 164C there between is reduced. The 
result in a more uniform, less varied, distribution of retardance, both in amplitude and 
orientation. Accordingly, the three retardance peaks 154A, 154B, and 154C shown in FIG. 

10 5C are not as pronounced or are more preferably substantially removed. Variation along 
concentric circular paths about the optic axis 106 is preferably reduced. In addition to 
decreasing change in magnitude of retardance, the retardance axes are preferably more 
radially directed as a result of the rotations. The radially directed retardance axis in the 
lobes 154A, 154B, 154C is preferably introduced into the sections between the lobes 164A, 

15 164B, and 164C as the optical elements Al, A3-A5, and A8-A21 are rotated to provide 
overlap of the two types of regions associated with separate optical elements. The result, is 
preferably a lens system 100 having a retardance pattern, for example, in the exit pupil 
plane, having substantially radially directed retardance axes extending in each radial 
direction about the optical axis 106. 

20 The contributions of the retardance in the lobes 154A, 154B, 154C preferably 

provides a more circularly symmetric retardance pattern having more radially oriented 
retardance axes as measured for example at the exit pupil of a lens system 100 having 
numerical aperture of greater than about 0.5. More preferably, such retardance 
characteristics are achievable for lens systems 100 having numerical apertures of greater 

25 than about 0.75 or 0.85. Substantially circularly symmetric retardance patterns at the exit 
pupil of the lens 100 at least for on-axis fields angles is preferably obtained for a first 
portion of the optical elements in the lens 100. 

hi various embodiments, the retardance as measured at the pupil is preferably about 
50, 75, or 90 percent or more circularly symmetric about the optical axis 106 for on-axis 

30 field points. Moreover, the circular symmetry is such that the magnitude of retardance 
varies less than about 30%, and more preferably less than about 20% or 10%, around a 
circular path about the optical axis 106 for axial field points. In addition, more than about 
70%, and more preferably greater than about 80 or 90%, of the local birefringene axes are 
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substantially radially directed around circular paths about the optical axis 106 in the used 
clear aperture at least for on-axis field points. The RMS retardance, however, resulting 
from this first portion, which preferably comprises [111] cubic crystalline optical elements, 
may be at least about 0.1 RMS wave, 0.5 RMS waves or higher for numerical apertures of 
about 0.5 to 0.7 or higher. Systems having lower retardance, for example, about 0.01 RMS 
or lower, are also possible. These values may apply to on-axis fields. 

To reduce the net retardance of the lens 100, this first portion of the lens 100 is 
included together with a second portion comprising one or more additional optical element 
that possesses a conjugate retardance pattern. The retardance of the second portion 
preferably at least partially cancels the retardance effects contributed by of the first portion. 
The result is a reduced net retardance for the lens system 100. 

Accordingly, the optical element or elements in the second portion preferably 
impart a retardance as measured for example at the exit pupil that is substantially circularly 
symmetric about the optical axis 106. These elements) also preferably have retardance 
orthogonal to the radially directed retardance associated with the optical elements in the 
first portion of the lens system 100. The local retardance axes of the second portion of the 
lens 100 is therefore preferably tangentially directed, i.e., the local retardance axes 
preferably are substantially oriented along or tangential to concentric circular paths 170 
centered about the optical axis 106. The tangential retardance of the second portion is 
substantially orthogonal and opposite to the radial retardance pattern associated with the 
first portion of the lens 100 and thus the two at least partially cancel or offset each other. 

Such compensation is preferably provided for optical systems 100 having numerical 
apertures greater than about a 0.5 numerical aperture. The contributions of the two portions 
to the net retardance, for example, at the exit pupil is preferable substantially, similar in 
magnitude yet opposite at least for on-axis field points so as to counter each other. 
Preferably, however, sufficient correction is provided for off-axis field points as well. 

In various preferred embodiments, the result is preferably wavefront correction to a 
level of a few waves across the used clear aperture. Similarly, the retardance induced 
phase variation is between about 0.1 to 1% or less across the beam. 

A tangential retardance pattern suitable for use in the second portion of the lens 100 
may be provided by a negative uniaxial crystal. Various negative uniaxial crystals have 
substantially circularly symmetric retardance distributions with local retardance axes 
directed radially from a central region. Such negative uniaxial crystals, however, are 

1 
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generally not substantially optically transmissive to UV wavelengths equal to or less than 
for example about 248 nanometers, 193 nanometers, or 157 nanometers. 

A tangential retardance pattern may also be provided by an optical element 
comprising a uniaxial birefringent medium, i.e., a medium having a single real birefringent 
axis or optic axis associated with the medium. Preferably, this uniaxial birefringent axis is 
aligned substantially parallel to the optical axis 106 through the birefringent medium such 
that a tangentially directed birefringent pattern in produced. 

The localized retardance axes distributed across the designated reference plane or 
sphere such as a pupil or aperture are different from the physical birefringence axis 
associated with an optically transmissive material or medium. The local retardance axes 
describe the affect of the physical birefringence axis or axes associated with the material or 
medium used to form the optical element or elements on a plurality of rays propagating 
through the optical system 100. Accordingly, the localized retardance axes and more 
broadly the retardance patterns vary with the numerical aperture and the field angle. 
Additionally, in contrast with the real birefringence axis or axes of a birefringent material 
or medium, the localized retardance axes, may vary with the prescription of the lens 100. 
The birefringence axis or axes are material properties, which create variations in 
retardance, retardance patterns, or retardance distributions in a lens system. 

The geometry of an optical element comprising a uniaxial medium with a single 
birefringent axis aligned along the optical axis 106 produces a tangential retardance pattern. 
Namely, this pattern includes localized retardance axes, e.g., at the exit pupil, that are 
tangential to concentric circular paths 170 centered about the optical axis 106. 
Accordingly, a uniaxial birefringent medium is a suitable candidate for the optical element 
or elements in the second portion of the lens 100. Elements comprising this uniaxial 
birefringent medium in the second portion may offset the birefringence and retardance 
associated with the first portion of the lens system 100 described above as having a radial 
directed retardance distribution. 

A uniaxial medium can be provided by applying stress to an optical element as 
shown in FIGS. 6A and 6B. Stressing a flat rectangular plate 180 having front and rear 
planar surfaces on its four sides or edges 182 can create a substantially uniform stress 
distribution across the planar surfaces. Accordingly, the magnitude of the birefringence 
will be substantially the same across the rectangular spatial extent of the plate 180. In FIG. 
6A, the applied stress is represented by arrows 184. Preferably, the stress is applied 
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uniformly, i.e., the amount of stress applied in each direction is substantially the same, 
although other designs are possible. The refractive index will vary as in a uniaxial crystal, 
which has a single optic or birefringence axis. Similarly, the stressed flat rectangular plate 
180 has a single birefringence axis and is a uniaxial birefringent medium. This single 
birefringence axis is normal to the plane of the applied stress, i.e., in the Z direction which 
is normal to the X-Y plane. Accordingly, light propagating along the birefringence axis 
(i.e., parallel to the Z axis) is not retarded as the electric fields are in the X-Y plane. In 
contrast, maximum retardance is produced for light propagating in the applied stress plane, 
i.e., in the X-Y plane, which has orthogonal polarizations parallel and perpendicular to the 
birefringence axis. 

The plate 180 itself may comprise, for example, cubic crystal such as cubic 
crystalline calcium fluoride as well as other materials. For a uniaxial birefringent plate 
constructed by applying stress to a cubic crystalline substrate, the stress birefringence 
coefficient is highest when the [100] crystal lattice direction is oriented along the system 
optical axis 106. The stress birefringence coefficient along the [100] direction is over 4 
times larger than the coefficient along the [111] lattice direction (Alternative Materials 
Development (LITJ216) Final Report - Stress Birefringence, Intrinsic Birefringence, and 
Index Properties of 157 nm Refractive Materials, International SEMATECH, 2/28/02, J. 
Burnett and R. Morton). Thus, for a given plate thickness, the stress necessary to create a 
given retardance may be substantially reduced or minimized by orienting the plate with its 
[100] crystal lattice direction along the optical axis 106. The cubic crystalline stress 
elements are often used with the [100] orientation (see, e.g., U.S. Patent 6,201,634 issued to 
S. Sakuma). 

A substantially uniform compressive hoop stress can also be applied to the 
perimeter 192 of a circular window 190 such shown in FIG. 6B to produce a circular 
uniaxial birefringent plate. Preferably, the result is a substantially uniform magnitude of 
birefringence over the circular area of the circular window. The applied stress is indicated 
by arrows 194. For example, a clamp, brace, or other structure around the perimeter of the 
window 190 can be employed to apply compressive forces. 

Oppositely directed force induces opposite birefringence. Compressive and tensile 
forces applied to cubic crystalline calcium fluoride may be used to induce the appropriate 
type (i.e., negative or positive) of birefringence. 
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FIGURE 7 is a graphical illustration showing the net retardance across the exit 
pupil for light propagating through a stressed flat plate 180, 190 such as discussed above. 
In this simulation, retardance is computed for a cone of light rays through the stressed plate 
180, 190 corresponding to a numerical aperture of 0.85. Also in this example, the plate 
180, 190 was assumed to have a thickness of 20 millimeter (mm) and to comprise [100] 
cubic crystalline calcium fluoride with its [100] crystal axis parallel with the optical axis 
106. 

In these plots, and the retardance pupil maps to follow, the retardance is shown on a 
square grid across the system exit pupil for the optical system of interest. As described 
above, the retardance will generally vary across a wavefront propagating through a 
birefringent optical system. Accordingly, the retardance will be different for different 
locations across a cross-section of the beam. The variation plotted in these retardance maps 
is that across the exit pupil of the optical system 100. 

The retardance plots are described in general by ellipses, which sometimes 
degenerate into lines that show one of the eigenpolarization states. As defined above, the 
eigenpolarization state is a polarization state that remains unchanged for a ray propagating 
through the optical system at given pupil coordinates. The eigenpolarization in the plots is 
the slow eigenpolarization state. The fast and the slow eigenpolarizations are orthogonal. 
The fast eigenpolarization state corresponds to the eigenpolarization shown in the plot 
rotated 90° about its center. For example, if the local retardance, be it linear or elliptical, is 
in the vertical direction, the slow eigenpolarization state will be oriented in the vertical 
direction and the fast eigenpolarization state will be oriented horizontally. The direction of 
the ellipse is defined by its major axis; for a vertical ellipse, the major axis is oriented in the 
vertical direction. We refer to the major axis as the retardance axis. The size of the ellipse 
or length of the line at a given pupil coordinate is proportional to the relative strength of the 
retardance, i.e., the phase shift between the fast and slow eigenpolarizations. 

Also, for the lenses and corresponding retardance maps, the coordinates are defined 
using a right-handed coordinate system such that the system optical axis is in the +Z 
direction from the object towards the image plane, the +Y axis is in the vertical direction, 
and the +X direction is orthogonal to the Y and Z axes. For the exit pupil retardance and 
wavefront maps, the plots describe variations over an exit pupil reference sphere for a 
given field point using a Cartesian coordinate system, where the X and Y coordinates are 
coordinates on the reference sphere projected onto a plane perpendicular to the chief ray. 
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The retardance distribution shown in FIGURE 7 illustrates the effects of stress 
induced birefringence on a beam of light. This beam can be conceptualized as a bundle of 
rays propagating through the stressed optical element. More particularly, the retardance 
across the exit pupil for a beam of light may be represented by a bundle of rays emanating 
from an object point on the optical axis 106 through the plate 180, 190 to a location on the 
image field ideally also located on the optical axis 106. This beam and corresponding 
bundle of rays fills a real or constructive aperture associated with the plate 180, 190 and 
also fills the exit pupil. The retardance map in FIGURE 7 displays the retardance for rays 
at each of the locations shown in the exit pupil. These retardance plots thus represent the 
retardance sampled across this particular beam at the exit pupil. 

The peak retardance computed in this example is approximately 0.48 waves at a 
wavelength of 157.63 nanometers, and the RMS retardance value across the pupil is about 
0.12 waves. The retardance was computed for a numerical aperture of about 0.85 and an 

on-axis field location. 

The retardance plot was obtained by simulating the application of about 1000 
pounds of stress applied to a [100] calcium fluoride crystal. The magnitude of the uniaxial 
stress birefringence scales linearly with stress. The stress-optical coefficient q44 of 0.46 x 
10' 12 Pa" 1 at a wavelength of about 157 nanometers has been suggested by Burnett and 
Morton in Alternative Materials Development (LITJ216) Final Report - Stress 
Birefringence, Intrinsic Birefringence, and Index Properties of 157 nm Refractive 
Materials, International SEMATECH, 2/28/02) yielding a uniaxial stress birefringence of 
about -1 x 10" 5 . Higher or lower applied stresses may be possible, however, stresses of less 
than 1000 pounds are preferred as calcium fluoride (CaF 2 ) may be considered relatively 
fragile. The cubic crystal plate was also assumed to have a cubic intrinsic birefringence of 
about -1.1 x 10* 6 for purposed of these calculations. The values employed in 
approximating retardance of the stressed plate 180, 190 are for illustrative purposes. Other 
values may be used in other simulations as appropriate. 

As illustrated, the stress-induced birefringence yields a tangential retardance 
pattern, i.e., one wherein the orientation of the plotted eigenpolarization state is 
substantially tangential to concentric circular paths 170 centered around the optical axis 
106. The resultant pattern is also largely circularly symmetric, both in magnitude and 
orientation of the plotted eigenpolarization state. This pattern resembles that produced by a 
negative uniaxial crystal having a single birefringence or optic axis and negative 
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birefringence, since the stress birefringence is much larger than the intrinsic birefringence 
(1 x 10' 5 versus -1.1 x 10~ 6 ). Accordingly, the application of stress is a way of obtaining a 
birefringent structure that behaves substantially - like a material having a single 
birefringence axis. 

5 Stress can be applied to lenses to provide tangentially directed retardation patterns. 

The magnitude of the stress will not be uniform across the aperture of the lens, rather, the 
stress will be larger or smaller at different locations. Thus, the birefringence of the lens 
will not be uniform and the lens material cannot be modeled as a homogenous uniaxial 
crystal. However, the variation in birefringence across the lens can provide additional 

10 degrees of freedom for the reduction of the retardance aberrations in lenses with intrinsic 
birefringent elements 

Another technique for obtaining a uniaxial birefringent structure or medium is 
through form birefringence. In various preferred embodiments, optical birefringence and 
more particularly form birefringence is obtained in a stack of alternating thin layers of 

15 material having different refractive indices. Specifically, when the layer thickness are 
much smaller than the wavelength of light propagating therethrough, the resultant 
birefringence of the aggregate structure is similar to that of a uniaxial crystal having a 
single crystal axis substantially parallel to the optical axis. See, for example, Yeh and Gu, 
"Optics of Liquid Crystal Displays", John Wiley & Sons., Inc. 1999, pp. 381-384. 

20 An exemplary form birefringent structure comprising a stratified medium 200 

formed on a surface 201 of an optical element 202 is shown in FIGURE 8. This multilayer 
structure 200 is preferably substantially optically transmissive to the wavelength of 
operation, which may be ultraviolet. This multilayer structure 200 comprises alternating 
layers 204, 206 of materials stacked on each other. The alternating layers 204, 206 

25 preferably have different indices of refraction. 

Three pairs of such layers 204, 206 are depicted for illustrative purposes, however, 
the multilayer structure 200 is not limited to this number. More layers 204, 206 are 
preferred. The number of pairs of layers 204, 206 may, for example be greater than 50 
layers and preferably are between about 100 to 2000. More or less layers are also possible. 

30 In addition, although the thickness of the alternating layers 204 and 206 are shown as 
similar in FIGURE 8, the design is not so limited. The layers 204 and 206 may have 
different thicknesses. 
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The alternating layers 204 and 206 may, for example, have indices of refraction ni 
and n 2 , respectively. In the case where the thicknesses of these layers are less than the 
wavelength of light, interference effects can be substantially avoided, and the multilayer 
structure 200 will exhibit optical anisotropy. Moreover, the stack 200 behaves like a 
negative birefringent medium wherein n e , the index of refraction for extraordinary rays is 
less than, n 0> the index for ordinary rays (i.e., n e < n 0 ). Preferably, the thicknesses of these 
two layers are substantially equal also, to maximize birefringence. The maximum 

birefringence for the multilayer structure is given by the following equation: 

In certain preferred embodiments for use with 157 nanometer light, one 204 of the 
alternating layers may comprise lanthanum fluoride LaF 2 or gadolinium fluoride GdF 3 
having an index of refraction of about 1.8 while the other 206 of the alternating layers may 
comprise aluminum fluoride A1F 3 and magnesium fluoride MgF 2 having an index of 
refraction of about 1.47. The resultant birefringence is approximately -0.04. (This value is 
a maximum birefringence, i.e., the maximum difference between the ordinary and 
extraordinary refractive indices. The maximum occurs when light rays propagate in the 
plane of the layers. There is approximately zero birefringence when the rays are normally 
incident on the plurality of layer.) Other variations and other materials are also suitable. 

The multilayer structure 200 may comprise a thin film coating formed on an optical 
element 202 such as but not limited to a powered refractive element, a plate or window, a 
reflector or a diffractive optical element. The thin film coating can be on a flat or curved 
surface. Such curvature may affect the retardance distribution and provides an additional 
degree of freedom for controlling retardance. The local birefringence axis will be along the 
surface normal. Additionally, forming the thin film coating on curved surface allows 
integration of the uniaxial birefringent medium with powered optical elements. 
Conventional thin film deposition and/or fabrication techniques may be employed to create 
such a structure 200, however, other methods including those not yet developed are 
considered possible. 

As discussed above, the multilayer structure 200 behaves like a uniaxial crystal 
having a local birefringent or crystal axis normal to the stack of layers, i.e., in the Z 
direction illustrated in FIG. 8. The birefringent axis, which is normal to the interfaces 
between the alternating layers 204, 206 is preferably parallel to the optical axis 106 of the 
optical element 202 and the optical system 100 in which it is included. In addition, the 
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magnitude of the birefringence is preferably uniform across the resultant form birefringent 
optical element. For example, for a coating on a circular plate, the magnitude of the 
birefringence is preferably substantially constant across the circular spatial extent of the 
plate. The effect of the birefringence will be different at different locations across the 
plate, if the angle of light incident on the plate is dissimilar at these different locations as 
shown by the retardance distributions. 

FIGURE 9 is a graphical illustration showing the net retardance across the exit 
pupil for light propagating through a form bkefringence medium such as the thin film 
coating structure 200 as shown in FIGURE 8. In this example, the thin film coating has a 
thickness of 1 micron (urn) and has a form birefringence of about -0.04. Retardance is 
computed for a cone of light rays through the form birefringence coating corresponding to a 
numerical aperture of about 0.85. The cone is normally disposed with respect to the 
coating. 

As illustrated, the form bkefringence multilayer thin film structure 200 yields a 
tangential retardance pattern, i.e., one wherein the orientation of the plotted 
eigenpolarization state is substantially tangential to concentric circular paths 170 centered 
around the optical axis 106. The resultant pattern is also largely circularly symmetric, both 
in magnitude and orientation of the plotted eigenpolarization state. This pattern resembles 
that produced by a negative uniaxial crystal having a single bhefringence axis and negative 
birefringence. Accordingly, the deposition of a form bfrefringent coating is a way of 
obtaining a uniaxial birefringent structure that behaves like a uniaxial crystal. 

Form birefringence may also be obtained for thin films having microstructures 
therein, wherein the dimension of the microstructures are smaller than the wavelength of 
light. Form birefringence in composite media are also discussed in, e.g., Yeh and Gu, 
"Optics of Liquid Crystal Displays", John Wiley & Sons., Inc. 1999, pp. 381-384. In 
various other embodiments, such composite media that produces form birefringence may 
also be employed. 

The techniques described above for reducing polarization aberrations caused by 
intrinsic birefringence are particularly well suited for providing wavefront correction of 
imaging systems used for photolithography. In addition to the rigorous performance 
requirements associated with this application, photolithography lenses often include a large 
number of large refractive and other transmissive optical elements, which together 
contribute a significant amount of retardance. Wavefront error caused by retardation 
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aberrations can therefore substantially limit the resultant resolution obtained by the 
photolithographic projection system. 

An exemplary projection lens 100, one which contains twenty-one optical elements 
A1-A21, eighteen of which are substantially optically transmissive to the wavelength of 
operation, is illustrated in FIGURE 1. As discussed above, a similar lens is provided in the 
tenth embodiment of European Patent Application No. 1 115 019 A2 by D. Shafer et al. 
This optical system 100 is designed to operate at a central wavelength of 157.63 
nanometers. The lens 100 provides approximately 5X reduction at a numerical aperture of 
about 0.80, and has a rectangular image field with dimensions of about 22 mm to 7 mm. 
The center of the field is offset from the optical axis 106 by about 4.6 mm. The exemplary 
design employs seventeen lenses Al, A3-A5, A8-A20, one concave mirror A6 and a planar 
protecting plate A21. Two other mirrors A2, A7 direct the optical beam along a separate 
arm of the system 100. Each of the lenses Al, A3-A5, A8-A20 as well as the window A21 
are formed of calcium fluoride. 

Retardation aberrations are calculated for a similar lens having a similar 
prescription as disclosed in European Patent Application No. 1 115 019 with each of the 
lens elements comprising [111] cubic crystalline calcium fluoride having crystal axes 
substantially identically aligned. Each of these transmissive components Al, A3-A5, A8- 
A20, and A21 is assumed to have an intrinsic birefringence of about -1.1 x 10" 6 in these 
baseline computations. The actual value of intrinsic birefringence may vary. As discussed 
above, the exemplary system 100 includes an optical axis 106. The twenty-one (21) optical 
elements A1-A21 are aligned along this optical axis 106. An optical beam propagates 
along the optical axis 106, from the object plane 102 to the image plane 104 through the 
elements Al, A3-A5, A8-A20, and A21 in the lens 100. As indicated above, a plurality of 
mirrors A2, A6, A7 direct the light along an arm of the system 100 that include several 
refractive optical elements A3, A4, A5 through which the beam passes twice. Radii and 
some aspheric coefficients were optimized to improve wavefront errors before intrinsic 
birefringence was added. 

When the effects of intrinsic birefringence associated with the cubic crystalline lens 
material are taken into account, system performance degrades significantly. FIGURES 
10A and 10B are graphical illustrations showing the net retardance across the system exit 
pupil for field points at the center and edge of the field, respectively, according to an 
exemplary embodiment in which all transmissive elements Al, A3-A5, A8-A20, and A21, 

33 



WO 2004/019077 



PCTYUS2003/026164 



shown in FIGURE 1, are identically aligned in three dimensions, with the elements having 
their [111] crystal axis direction along the optical axis 106. FIGURES 10A and 10B 
include the effects of intrinsic birefringence. FIGURE 10A shows the net retardance at 
various positions across the exit pupil for a beam of light originating from a point in the 
object field location which is 0 mm away from the optical axis 106. FIGURE 10B 
quantifies the net retardance at various locations across the exit pupil for a beam of light 
originating from an off-axis point in the object field. These two points correspond to center 
and edge field points, respectively. This edge field point may, for example, map into a 
point at the edge of the frame of a photolithography instrument for processing 
semiconductor wafers. The peak-to-valley retardance due to intrinsic birefringence in this 
exemplary arrangement is approximately 1 wave on-axis and at the extreme field. 

In this preceding example, as illustrated in' FIGURES 10A-10B, the intrinsic 
birefringence produces large retardance aberrations and consequently large wavefront 
aberrations when each of the substantially optically transmissive elements Al, A3-A5, A8- 
A20, and A21 comprise [111] cubic crystal calcium fluoride having the respective crystal 
axes oriented identically. Without compensation, this wavefront aberration strongly 
exceeds the allowable wavefront error for high precision photolithography. 

The retardance, however, can be reduced by clocking the [111] cubic crystal 
elements in a first portion of the optical system 100 and introducing a uniaxial birefringent 
element in a second portion of the optical system. Preferably, this uniaxial birefringent 
element comprises a medium having a single birefringence axis and a negative 
birefringence. Moreover, the retardance in the two portions preferably cancel, yielding a 
net reduction in retardance aberration. 

FIGURE 11 illustrates a similar photolithography system as that presented in 
FIGURE 1 comprising a plurality of [111] cubic crystal optical element Al, A3-A5, A8- 
A21. Additionally, however, a stressed plate A22 having uniaxial birefringence has been 
included. This stressed plate A22 preferably comprises a rectangular plate stressed along 
two orthogonal axes such as depicted in FIGURE 6A. These results also apply to a circular 
plate as well where the stress is uniform throughout the portion of plate through which the 
beam passes. Furthermore, the plurality of [1 1 1] cubic crystalline optical elements Al , A3- 
A5, A8-A21 in the lens 100 have been appropriately clocked to produce a substantially 
circularly symmetric retardance distribution having radially directed local retardance axes. 
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This radial distribution is at least partially canceled by the substantially circularly 
symmetric tangential distribution produced by the stressed plate A22. 

The dimensions of the exemplary system 100, which is based on the system in EP 1 
115 019 A2, are listed in TABLE I. Radii were selected to improve wavefront errors 
before instrinsic birefringence was added. Several of the surfaces are aspheric surfaces and 
have an aspheric correction listed in TABLE II below. 

TABLE I 



Elements 


Surface 


Radius 


Thickness 


Glass 




1 


0.000 


4.000 




Al 


2 


312.337 


18.000 


CaF 2 




3 


9682.901 


83.000 




A2 


4 


0.000 


0.000 


REFL 




5 


0.000 


-414.787 




A3 


6 


-405.553 


-22.000 


CaF 2 




7 


-2462.671 


-41.117 




A4 


8 


203.797 


-13.000 


CaF 2 




9 


1424.672 


-33.321 




A5 


10 


176.135 


-14.000 


CaF 2 




11 


480.495 


-16.562 




A6 


12 


241.213 


16.562 


REFL 


A5 


13 


480.495 


14.000 


CaF 2 




14 


176.135 


33.321 




A4 


15 


1424.672 


13.000 


CaF 2 




16 


203.797 


41.117 




A3 


17 


-2462.671 


22.000 


CaF 2 




18 


-405.553 


409.787 






19 


0.000 


0.000 




A7 


20 


0.000 


-70.541 


REFL 




21 


0.000 


-59.941 




A8 


22 (aspheric) 


-190.019 


-20.601 


CaF 2 




23 


-179.904 


-6.323 




A9 


24 (aspheric) 


-210.098 
35 


-39.347 


CaF 2 
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ouriace 


"D aril no 


Thi pirn pcq 


fr1aw 

VJXCiOD 




25 


All 1 1 C 

473.11!) 


-1U3.S3 / 




A 1 A 
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26 (aspheric) 


O/CO/C QO< 


1 ^ nnn 
-ID. UUU 


^aT2 




27 


1 /t^O £01 
-14j /.021 


' 1 1 £ po/l 




A 1 1 

All 


28 


O/l C AO*5 

245.073 


-lD.4/o 






29 (asphenc) 


Ann Ai ^ 
470.016 


1 1 O /1 1 A 

-i iy.4io 




A 1 /"I 

Al2 


30 


Oil 1 /I c 

-211.143 


/1£ ACM 
-40. 4U/ 


V-/dT2 




31 


ion nci 
JVU.UoJ 


ai £nn 

-H-l.OUU 




A13 


32 


01 A QAQ 

214.o4y 


1 ^ nnn 

-JO. UUU 


^dT2 




33 (asphenc) 


i co ai a 
-152.910 


oo nno 
-22. uuy 




A14 


34 


A </£ O/I Q 

-45u.24o 


-JO.DDD 


V^aJ/2 




35 


23 l./o4 


i nnn 

-l.UUU 




Air 

A15 


Jo 


laac 7Qi 


-13 249 


CaFo 




37 


TOO A 1 O 


1 nnn 




Aperture 


38 


A AAA 
0.000 


-4.U33 




A16 


39 


-158.376 


-40.oyo 


V^<LT2 




40 


OQ/C 1 AT 
-ZOO.IO/ 


1 nnn 
-I .uuu 




A17 


41 


1 *70 ann 

-1/2.0/7 


i o nnn 
-12. uuu 






42 (asphenc) 


-126.530 


-ID. /Oo 




A18 


43 


-210.243 


_ai An^ 






A A 

44 


041 nnn 
24 l.UUU 


-1 000 

-l.vUu 




A19 


45 


AO 1/1*7 

-y2.i4/ 


AA *XQ6 
-44.3 oO 


v^<ir2 




46 (aspheric) 


OC 1 A1 C 

-251.015 


o oi n 

-2.2 1U 




A20 


47 


1 /CO CQO 

-102.0O/ 


OA QAQ 






48 


A AAA 
0.000 


n nnn 
u.uuu 




A22 


49 STRESSED 


A AAA 
U.UUU 


1 n 7m 

-1U. /Ul 


l^aJ?2 




50 


n nnn 
u.uuu 


0 000 




A23 


51. 


A AAA 

0.000 


1 1 nnn 
-1 l.UUU 


L/aJT2 




52 (asphenc) 


556.157 


n nnn 
U.UUU 




A21 


53 


0.000 


-6.000 


CaF 2 




54 


0.000 


-12.000 






55 


0.000 


0.000 
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TABLE H 



Element 



Surface 



Aspheric Coefficients 



A8 



22 



A9 



24 



K 


0.00000 


A 


0.152508ExlO* 7 


B 


-0.116620 xlO" 12 


C 


0.783384 xlO" 16 


D 


0.159899x10 19 


E 


-0.722908 xlO" 23 


F 


0.728881x10 27 


K 


0.000000 


A 


-0.923147 xlO -9 


B 


0.225315 xlO' 12 


C 


-0.126393 xlO' 15 


D 


0.158659 xlO 19 


E 


-0.351522xl0' 24 



-0.111972x10 



-27 



AlO 



26 



K 


0.000000 


A 


0.255822 xlO' 7 


B 


-0.355557 xlO' 12 


C 


-0.221879 xlO -16 


D 


0.325041 xlO" 20 


E 


-0.820304 xlO' 24 


F 


0.797702 xlO" 28 
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Element Surface Aspheric Coefficients 

~~ All 29 



A13 33 



A17 42 



K 


0.000000 


A 


0.253064 xlO" 8 




-0 133794 xlO' 11 


c 


-0.110469 xlO -16 


D 


-0.376252 xlO' 21 


b 


-u.izy 1J /xiu 


T? 

r 


U. lUoUoi xiu 


xv 


0 000000 


A 

A 


-0 672468 xlO' 7 


u 


0 225146 xlO* 11 


c 


r\ ^OO AC A w1A*16 

0.688454 xlO 


D 


-0.398582 xlO" 21 


E 


0.875403 xlO' 25 


F 


-0.559169 xlO" 29 



K 


0.000000 


A 


-0.173609 xlO' 7 


B 


-0.219959 xlO" 11 


C 


-0.714521 xlO' 16 


D 


-0.762080 xlO* 20 


E 


0.114026 xlO" 23 


F 


-0.121463 xlO -27 
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Element Surface 
~~A19 46 



Aspheric Coefficients 



K 


0.000000 


A 


0.912071 xlO -7 


B 


-0.297373 xlO" 11 




n 11 oao/I vi fi'M 
-u.i x iu 


D 


0.137621 xlO -18 


E 


0.230309 xlO -22 


F 


-0.952224 xlO' 27 



A23 52 K 0.000000 

A -0.685740 xlO" 7 

B -0.194597 xlO' 10 

C 0.424640 xlO -14 

D -0.112292 xlO" 16 

E 0.533395 xlO" 20 

F -0.149893 xlO" 23 



As is well known, aspheric surfaces may be defined by the following expression: 

Ap 4 + Bp 5 + Cp 6 + Dp 7 + Ep 8 + Fp 9 ... (2) where p is the 

5 radial dimension. In Table n, K is the conic constant. 

To introduce correction for retardance aberration, the last lens element A20 has 
been split into a plane parallel plate A22, which is stressed, and two lens A20 and A23. 
The window A21 is adjacent the added lens A23. The plane parallel plate A21 may 
comprise [111] cubic crystal calcium fluoride with the [111] axis substantially parallel to 

10 the optical axis 106, and the two lenses A20 and A23 preferably comprise [111] cubic 
crystal calcium fluoride with the [111] crystal axis substantially parallel to the optical axis 
106. The stress applied to the plane parallel plate A22 produces a uniaxial birefringence of 
about -2 x 10" 6 along, i.e., parallel to, the optical axis 106. Such a component A22, 
therefore behaves as a negative uniaxial crystal having a single crystal axis aligned with the 

15 optical axis. 
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In addition, the substantially [111] cubic crystalline optical elements Al, A3-A5, 
A8-A21, and A23, are clocked as described above, to provide a circularly symmetric radial 
retardance distribution. The direction and amount of axial rotation is selected to yield 
retardance substantially equal to but opposite the retardance introduced by the uniaxial 

5 birefringent optical element, i.e. the stressed plate A22, which has a retardance like that of 
a uniaxial crystal with negative birefringence. These elements Al, A3-A5, A8-A21, and 
A23 are considered the first portion 'of the optical system 100. Exemplary clocking values 
for this system 100 are shown in TABLE EH. For [111] optical elements oriented with 
their [111] crystal axis along optical axis 106, preferably the clocking of each element is 

10 given relative to an orientation that produces peak retardance lobes 60, 180, and 300 
degrees in the pupil. It should be understood that such is exemplary only and the relative 
clocking of the elements may be described with respect to any of various arbitrary 
reference locations. Positive rotations are right handed about the local +Z axis at the lens 
element. 

15 

TABLE m 



Elements 


Surface 


Clocking (de£ 




1 


0 


Al 


2 


36 




3 


0 


A2 


4 


0 (reflector) 




5 


0 


A3 


6 


7 




7 


0 


A4 


8 


181 




9 


0 


A5 


10 


246 




11 


0 


A6 


12 


0 (reflector) 


A5 


13 


246 




14 


0 


A4 


15 


181 




16 


0 
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Elements Surface ~~ Clocking (degrees) 

A3 17 ' 7 

18 0 

19 0 

A7 20 0 (reflector) 

21 0 

A8 22 (aspheric) 268 

23 0 

A9 24 (aspheric) 239 

25 0 

A10 26 (aspheric) 359 

27 0 

All 28 22 

29 (aspheric) 0 

A12 30 20 

31 0 
A13 32 193 

33 (aspheric) 0 
A14 34 66 

35 0 
A15 36 245 

37 0 
A.S. 38 . 0 

A16 39 303 

40 0 
A17 41 332 

42 (aspheric) 0 
A18 43 333 

44 0 
A19 45 32 

46 (aspheric) 0 
A20 47 341 

48 0 
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CI nr.lci na ( degrees^ 




AO QTPPQWTi 








0 




j I 






jz (aspnenc; 




A21 


53 


168 




54 


0 




55 


0 



The stressed plate A22 corresponds to the second portion of the optical system 1 00, 
the two portions preferably substantially offsetting each other so as to reduce net retardance 
aberrations. FIGURE 12 is a graphical representation that depicts the net retardance across 

5 the system exit pupil at an extreme edge field point due to intrinsic birefringence of all 
elements A1-A23, including the stressed plate. The extreme edge point in this example is 
about 55 mm on the x-axis and 40 mm on the y-axis (x = -55 mm; y = 40 mm). As shown, 
the net retardance has been significantly reduced compared with the retardance for all [1 1 1] 
elements without the stressed plate A22, which is shown in FIGURE 1, and without the 

10 appropriate clocking. 

The RMS and maximum retardance over the exit pupil are listed in TABLE IV 
below for nine field positions. The results for field nine are graphically illustrated in 
FIGURE 12. The intrinsic bfrefringence of about -l.lxlO" 6 was assumed for the [111] 

' cubic crystal optical elements. The RMS retardance ranging from 0.0094 to 0.0146 waves 

15 at Xo = 157 nm is shown. A greater than about 10X reduction in retardance aberration is 
achieved in this example. The numerical aperture of this system 100 is about 0.8. In this 
embodiment, the variation in net retardance after compensation with the negative uniaxial 
structure is minimal. However, if there were significant variation across the field, then one 
or more additional uniaxial structures could be placed elsewhere in the lens to reduce or 

20 minimize the variation of retardance aberrations over the field. 
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TABLE IV 



rielcl 






Retardance (waves) 




Number 


X(mm) 


Y(mm) 


Maximum 


RMS 


1 


0 


23 


0.0555 


0.0097 


2 


39 


6 


0.0466 


0.0094 


3 


55 


6 


0.0721 


0.0126 


4 


39 


40 


0.0651 


f\ A1 *5 *3 

0.0133 


5 


55 


40 


0.0844 


0.0142 


U 


-39 


6 


0.0564 


0.0104 


7 


-55 


6 


0.0760 


0.0136 


8 


-39 


40 


0.0631 


0.0120 


9 


-55 


40 


0.0847 


0.0146 



As illustrated, the net retardance has been significantly reduced compared with the 
retardance for the all [111] element system 100 without clocking and without the stressed 

5 plate A22, which are shown in FIGURES 10A and 10B. Thus, substantial retardance 
correction for a system 100 comprising all [111] optical elements is possible by 
appropriately clocking the [111] elements and using one or more uniaxial birefiingent 
elements A22 that have a retardance distribution conjugate to the retardance of the clocked 
[111] elements. In particular, the system retardance associated with this catadioptric 

10 optical system 100 is significantly reduced to levels acceptable for high numerical aperture 
lithography. 

The retardance can also be reduced by clocking the cubic crystal elements in a first 
portion of the optical system 100 and introducing one or more form birefiingent optical 
element having a single birefringence axis into a second portion of the optical system. The 
15 retardance in the two portions preferably cancels, yielding a net reduction in retardance 
aberration. 

FIGURE 13 illustrates a similar photolithography system 100 as that presented in 
FIGURE 1 with the addition of a thin film layer X22 having a uniaxial birefringence 
formed on the surface (51) of one of the optical elements A23. In one example, this thin 
20 film layer X22 is about 5 microns thick although the dimensions of the thin film layer X22 
should not be so limited. (The size of this thin film layer X22 is exaggerated for clarity in 
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this drawing.) The thin film X22 preferably comprises alternating layers of material having 
different indices of refraction such as depicted in FIGURE 8. More specifically, this 
multilayer film X22 is preferably substantially optically transmissive at the wavelength of 
operation and provides form birefringence as discussed above. In addition, the plurality of 

5 [111] cubic crystalline calcium fluoride optical elements Al, A3-A5, A8-A21, and A23 
have been appropriately clocked to produce a substantially circularly symmetric retardance 
distribution having radially directed retardance axes. This radial distribution is at least 
partially canceled by the substantially circularly symmetric tangential distribution of the 
form birefringent multilayer. 

10 The dimensions of the exemplary system 100, which is based on the system in EP 1 

115 019 A2, are listed in TABLE V. Several of the surfaces are, aspheric surfaces, and 
have the aspheric correction listed in TABLE H above. The optically transmissive lens 
elements Al, A3-A5, and A8-A20 as well as the window A21 were assumed to be formed 
from [111] cubic crystal calcium fluoride with respective [111] crystal axes parallel to the 

15 optical axis 106. 

TABLE V 



Elements 


Surface 


Radius 


Thickness 


Glass 




1 


0.000 


4.000 




Al 


2 


312.337 


18.000 


CaF 2 




3 


9682.901 


83.000 




A2 


4 


0.000 


0.000 


REFL 




5 


0.000 


-414.787 




A3 


6 


-405.553 


-22.000 


CaF 2 




7 


-2462.671 


-41.117 




A4 


8 


203.797 


-13.000 


CaF 2 




9 


1424.672 


-33.321 




A5 


10 


176.135 


-14.000 


CaF 2 




11 


480.495 


-16.562 




A6 


12 


241.213 


16.562 


REFL 


A5 


13 


480.495 


14.000 


CaF 2 




14 


176.135 


33.321 




A4 


15 


1424.672 
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0 1 A 840 
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-22 009 
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ZD 1. /OH- 


-1 000 
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16 
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Aperture 


3o 


n nnn 


-4 033 

-*T. V J*/ 




Alo 


3y 


-1 58 376 

- 1 .JO. J 1 vl 


-46 695 


CaF 2 






-986 107 

ZOU. XV/ 


-1.000 




An 
A17 


/t 1 
41 


1 70 677 

-1 /Z.O / / 


-12 000 


CaF 2 




42 (aspheric) 


i oa 5in 

-IzO.DDU 


-1 5 768 

-ID. / UO 




A 1 O 

Alo 


A1 

43 


-016 943 
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44 
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Z#*T 1 . WV 


-1.000 




A19 


45 


-92.147 
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CaF 2 




46 T asnheric^ 


-251.015 
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A20 


47 
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-35.645 


CaF 2 
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Radius 


Thickness 


Glass 




4o 


0 000 


0 000 




AZZ 


AO TTTT M 


0.000 


-0.005 


CaF 2 






0.000 


0.000 








0 000 


-11.000 


CaF? 




dz (aspnencj 


JJU. 1%/ / 


0 000 




A21 


53 


0.000 


-6.000 


CaF 2 




54 


0.000 


-12.000 






55 


0.000 


0.000 





To introdupe correction for retardance aberration, the last lens element A20 is split 
into two lens A20 and A23. A form birefringent coating X22 has been included between 
the two lenses A20, A23. This form birefringent coating X22 may, for example, be formed 

5 on the surface (5 1) of the added lens A23. The window A21 is adjacent the additional lens 
A23. Both lenses A20 and A23 were assumed to be [111] cubic crystal calcium fluoride. 
Calculations are based on a form birefringent coating 200 that comprises alternating layers 
of relatively high (m) and low (n 2 ) indices of refraction of 1.8 and 1.47, respectively. As 
discussed above, for example, the high index layers may comprise LaF 3 or GdF 3 , and the 

10 low index layers may comprise A1F 3 or MgF 2 . Other materials may be used as well. The 
form birefringent coating X22 was assumed to be 5.0 micrometers thick and to yield a 
uniaxial birefringence of about 0.04. Such a structure X22 behaves as a negative uniaxial 
crystal having a birefringent or crystal axis normal to the planar surface (51) and parallel to 
the optical axis 106. 

15 In addition, the substantially [111] cubic crystalline optical elements- Al, A3-A5, 

A8-A21, and A23 are clocked, as described above, to provide a circularly symmetric 
radially directed retardance distribution. The direction and amount of axial rotation is 
selected to produce a retardance pattern substantially equal to but opposite the retardance 
distribution introduced by the uniaxial birefringent optical element, i.e. the form 

20 birefringent coating X22. As discussed above, the form birefringent coating X22 has a 
birefringence similar to that of a uniaxial crystal with negative birefringence. These [1 1 1] 
cubic crystal optical elements Al, A3-A5, A8-A21, and A23 are considered the first 
portion of the optical system 100 which is balanced or matched by the retardance 
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introduced by the form birefringent coating X22. Exemplary clocking values for this 
system 100 are shown in TABLE VI. Positive rotations are right handed about the local +Z 
axis at the lens element. 

TABLE VI 

_____ surface ~~ ~~~ Clocking (degrees) 



• 


1 


0 


Al 


2 


334 




3 


0 


A2 


4 


0 (reflector) 




5 


0 


A3 


6 


79 




7 


0 


A4 


8 


135 




9 


0 


A5 


10 


197 




11 


0 


A6 


12 


0 (reflector) 


A5 


13 


197 




14 


0 


A4 


15 


135 




16 


0 


A3 


17 


79 




18 


0 




19 


0 


A7 


20 


0 (reflector) 




21 


0 


A8 


22 (aspheric) 


72 




23 


0 


A9 


24 (aspheric) 


178 




25 


0 


A10 


26 (aspheric) 


181 




27 


0 



47 



WO 2004/019077 PCT/US2003/026164 



iMeineius 




Clocking (degrees) 


A 1 1 

All 


Zo 


181 




zy ^aspiicncj 


o 


A 1 0 

All 








jl 


o 


A13 


32 


9 




33 (aspheric) 




A14 


1A 

34 


123 




jj 


o 






203 




J/ 




Aperture 


38 


A 
\J 


Alo 




37 




AC\ 
4U 


o 


A 1 T 

A17 


41 


234 




42 (aspnenc; 




A 1 O 

Alo 


A1 
HD 


340 




A A 


o 


A t f\ 

A19 


/I C 

4j 






46 (aspheric) 


0 


A20 


4/ 

f 


JO 




48 


0 


Xzz 


AQ TTTT M 


o 






o 


A23 


jl 


272 




52 (aspheric) 


o 
u 


A21 


53 


77 




54 


0 




55 


0 



The form birefringent coating X22 corresponds to the second portion of the optical 
system, the two portions preferably substantially offsetting each other so as to substantially 
reduce net retardance aberrations. FIGURE 14 is a graphical representation that depicts the 
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net retardance across the system exit pupil at an extreme edge field point due to intrinsic 
birefringence of all elements A1-A23, including the form birefringent coating X22. As 
shown, the net retardance has been significantly reduced compared with the retardance for 
the comparable system 100 comprising all [111] elements without the form birefringent 
coating X22 which is shown in FIGURE 1 . The resultant retardance for off-axis points for 
this uncorrected system 100 is present in FIG. 10B as discussed above. 

The RMS and maximum retardance over the exit pupil are listed in TABLE VII 
below for nine field positions. The results from the ninth field point are graphically 
illustrated in FIGURE 14. The RMS retardance ranging from 0.0118 to 0.0173 waves at X 0 
= 157 ran is shown. This residual retardance is largely a fourth order variation. 
Accordingly, greater than about 10X reduction in retardance aberration is achieved in this 
example. The numerical aperture of this system 100 is about 0.8. Intrinsic birefringence of 
about -l.lxlO" 6 has been assumed for the [111] cubic crystal optical elements. 

TABLE YD 



Retardance (waves) 



Number 


X(mm) 


Y(mm) 


Maximum 


RMS 


1 


0 


23 


0.0607 


0.0118 
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39 
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0.0704 


0.0127 


3 


55 


6 


0.0813 


0.0146 


4 


39 


40 


0.0769 


0.0142 


5 


55 


40 


0.0909 


0.0167 


6 


-39 


6 


0.0682 


0.0123 


7 


-55 


6 


0.0891 


0.0150 


8 


-39 


40 


0.0739 


0.0145 


9 


-55 


40 


0.0910 


0.0173 



In various preferred embodiments, an impedance matching layer 300 such as shown 

in FIGURE 15 is included between the form birefringence multilayer 200 and the substrate 

202, i.e., the optical element, upon which the coating is formed. This impedance matching 

layer 300 may comprise a plurality of layers 304, 306 of material formed on the surface 

201 of the optical element 202. This plurality of layers 304, 306 may comprise similar 

49 



WO 2004/019077 PCT/US2003/026164 

materials as the layers 204, 206 in the form birefringent multilayer structure 200. These 
impedance matching layers 304, 306 preferably correspond to high and low index layers 
comprising materials having respective high and low indices of refraction ni, n2. Examples 
of high index materials may include LaF 3 and GdF 3 having an index of refraction of 1.8 
5 while exemplary low index materials may include A1F 3 and MgF 2 having an index of 
refraction of about 1.47. Other materials may be employed in various other embodiments, 
and these materials need not be the same as those 204, 206 in the form birefringent 
multilayer structure 200. Use of similar materials, however, may simplify fabrication. In 
various embodiments, the thickness of the layers 304, 306 may be adjusted to provide the 
10 desired effective index of refraction of the aggregate structure 300 or the high and low 
index material may be deposited simultaneously to form a composite material with a 
refractive index between that of the two base materials. 

Without impedance matching, index mismatch between the calcium fluoride optical 
element 202 and the effective index of the form birefringence multilayer 200 will cause 
15 reflection. Accordingly, a portion of the light propagating through the form birefingence 
multilayer 200 is reflected from the surface 201 of the calcium fluoride optical element 202 
as a result of Fresnel reflection. 

Additional Fresnel reflection is produced at the "air'Vform birefringent coating 
interface 310. A portion of the light incident on the form birefringent coating 200 is 
20 reflected as a result of the index mismatch between the "air" (or other ambient medium) 
and the form birefringent coating. Conversely, light propagating through optical element 
202 and the form birefringence coating 200 into the "air" will be partially reflected back 
into the form birefringent coating. 

Together, the two reflective interfaces, i.e., the "air'Vform birefringent coating 
25 interface 310 and the surface 201 of the calcium fluoride optical element 202, create a weak 
optical cavity. The effects of this optical cavity are illustrated in FIGURE 16A which 
depicts the transmission of light through the form birefringent coating 200 without the 
impedance matching layer 300. Curves 312 and 314 represent s and p polarization, and 
curve 316 corresponds to an average between of these two polarizations. The curve 312, 
30 314, 316 plot the variation of transmittance with angle of incidence. Ripple is observed in 
the three curves 3 12, 3 14, 3 16 as both reflectance and cavity resonance varies with angle of 
propagation of light incident on the reflective interfaces 310, 201 and through the weak 
optical cavity. 
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The impedance matching layer 300 between the form birefringent layers 200 and 
the calcium fluoride optical element 202 reduces the index mismatch at the surface 201 and 
preferably substantially weakens the cavity effects. FIGURE 16B depicts transmission of 
light through the form birefringent coating 200 and the calcium fluoride optical element 
202 with the impedance matching layer 300 therebetween. The form birefringent coating 
200 in this example is the same structure used in connection with the example associated 
with FIGURE 16A. Curves 322 and 324 represent s and p polarization, and curve 326 
corresponds to an average between of these two polarizations. These curves 322, 324, 326 
also plot the variation of transmission with angle of incidence. Ripple is substantially 
lessened as reflectance at the surface 201 of the calcium fluoride element 202 is reduced 
and the cavity affects diminish. 

For reference, FIGURE 16C shows the transmission of light through a bare calcium 
fluoride optical element 202. Neither the form birefringent multilayer 200 nor the 
impedance matching layer 300 are included in this example. Accordingly, the cavity 
affects such as ripple are removed. In this plot, curves 332 and 334 correspond to s and p 
polarization, and curve 336 represents an average between of these two polarizations. 

Adding the impedance matching structure 300 between the form birefringent 
coating 200 and the calcium fluoride substrate 202 also may improve the variation in 
birefringence with angle of incidence. To demonstrate this effect, the phase delay between 
orthogonal polarization states is computed for different angles of incidence. FIGURE 17A 
depicts this relationship for a form birefringent coating 200 on a calcium fluoride optical 
element 202 without an impedance matching layer 300. Irregular fluctuation, i.e., ripples, 
are observable in this plot. 

The inclusion of an impedance matching layer 300 substantially removes this ripple 
as shown in FIGURE 17B, which plots the phase shift between the orthogonal polarizations 
for light incident on the structure at a variety of angles. The curve is substantially smoother 
than that shown in FIGURE 17A. 

In the examples above corresponding to FIGURES 16A-16C and 17A-17B, the 
wavelength of light was 157.0 nanometers and ambient was air. The form birefringent 
coatings 200 comprise one hundred and three (103) pairs of high and low index materials 
with indices of 1.8 and 1.47, respectively. These layers each have an optical thickness 
(index x thickness) of about 0.49 and 0.4 quarter-waves (i.e., n x t = 0.49 XI A and n x t = 
0.4 Ji/4) for the high and low index materials, respectively. The impedance matching layer 
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300 comprises two (2) pairs of high and low index materials with indices of 1.8 and 1.47, 
respectively. These high and low index layers have optical thicknesses of about 0.205 and 
0.295 quarter waves (i.e., n x t = 0.205 7J4 and n x t = 0.295 W4), respectively. Preferably, 
these thicknesses were selected to provide an effective index of refraction for the 
impedance matching layer 300 having a value approximately equal to the square root of the 
product of the index of the calcium fluoride substrate and the effective index of the form 
birefringent coating, to thereby reduce the index mismatch. Other intermediate values 
between the effective index of the form birefringent coating and the index of calcium 
fluoride are possible. This impedance matching coating may be referred to as an anti- 
reflection coating as it reduces reflection. This example impedance matching coating is, 
however, meant to be exemplary and not limiting. Those skilled in the art of coating design 
will recognize that many other types and variation of impedance matching coatings are 
possible. 

Accordingly, impedance matching layer 300 between the form birefringent coating 
200 and the calcium fluoride substrate 202 may significantly reduce index mismatch and 
cavity effects created by these index mismatches. Transmission and birefringence 
comparable with that of an uncoated, i.e., bare calcium fluoride substrate are possible. 

An anti-reflection coating 311 may also be included on the form birefringent 
coating 300 to reduce reflection at the "air" (ambient) / form birefringent coating intereface 
310. This anti-reflection (AR) coating 311 may be a conventional AR coating well known 
in the art such as for example a quarter-wave stack. Preferably, this AR coating 311 
comprises material the same as or compatible with those in the form birefringent layer 200. 
This AR coating 311, may for example, comprise multiple layers of high and low index 
materials with indices of 1.8 and 1.47, respectively, such as LaF 3 and GdF 3 , and A1F 3 and 
MgF 2 . The type and quantity (e.g., layer thickness) of material is not to be limited to the 
examples described herein and other anti-reflection coating technologies including those 
yet to be devised are also considered possible. 

Like the impedence matching layer 300, the AR coating 311 may reduce the 
reflections at the interface 310 so as to decrease the cavity affects and also reduce 
transmission losses. Other techniques may also be employed to remove cavity affects and 
improve transmission as well. For example, the form birefringence coating 200 may be 
formed on a buried layer imbedded between two calcium fluoride elements 202. A pair of 
impedance matching multilayer structures 300, one on each side of the form birefringent 



52 



WO 2004/019077 



PCT7US2003/026164 



coating, may be used to reduce index mismatch between the calcium fluoride material and 
the form birefringent multilayers 200. 

Employing form birefringence to provide a birefringence characteristic akin to a 
negative uniaxial crystal offers several advantages over use of a stress plate 180, 190. In 
some respects, a form birefringent medium is simpler to implement. A mechanical structure 
physically attached to the stressed optical element need not be used to apply compressive or 
tensile stresses. The applied stress may, in some cases, be temperature dependent for 
example when a tight metal band surrounds the perimeter of the optical element. Such a 
band may expand and contract with changes in temperature, causing the applied force and 
resultant birefringence to fluctuate. In other case, the stress-induced birefringent element 
may be easier to fabricate than certain form birefringence material structures. 

Application of the various techniques and designs described herein are not to be 
limited only to those lens 100 discussed above but may be applied broadly to a wide range 
of optical systems. For example, although the lens 100 depicted in FIGURES 11 and 13 
included twenty-three optical elements A1-A23, other embodiments may comprise more or 
less optical elements which may be reflective, diffractive, and/or refractive. Similarly, the 
optical elements may have spherical or aspheric surfaces, may be powered or unpowered, 
may be off-axis or on axis. Other optically transmissive elements may include diffractive 
and holographic optical elements, filters, retro-reflectors, beamsplitters, to name a few. 
The techniques and designs described above are useful both for imaging and non-imaging 
systems such as for example photolithographic imaging lenses as well as projection and 
condenser lenses but should not be limited to these applications alone. 

Other compensation techniques may be applied to reduce retardance. One of these 
techniques includes, for example, adding [100] optical elements that are appropriately 
rotated with respect to the optical axis to provide compensation. Other methods employ a 
polarization rotator to provide compensation between polarization aberrations introduced 
by various parts of the optical system 100. Still other methods of reducing retardance and 
other polarization aberrations may be used in conjunction with the techniques and designs 
describe herein. 

Also, in other embodiments, one or more of the optical elements Al, A3-A5, A8- 
A21, and A23 may comprise crystalline material other than cubic crystals as well as non- 
crystalline materials such as amorphous glasses. Fused silica is an example of such a non- 
crystalline material that is substantially optically transmissive to UV wavelengths such as 
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248 nm and 193.3 ran and is therefore compatible with such UV applications. In the case 
where at least some of the elements Al, A3-A5, A8-A21, A23 are crystalline, they do not 
need to all be the same crystal orientation. For example, various combinations of cubic 
crystal optical element having a [1 1 1], [100], and/or [1 10] crystal direction may be suitable 
5 employed. 

In various of the examples described above with respect to FIGURES 11 and 13, all 
these transmissive optical elements Al, A3-A5, A8-A21, and A23, are [111] cubic 
crystalline elements. The [111] crystal lattice direction for each element Al, A3-A5, A8- 
A21, and A23, is along the system optical axis 106. 

0 Choosing as many cubic crystalline elements with their respective [111] crystal 

lattice directions along the system optical axis is particularly advantageous for construction 
of optical systems 100. As discussed above, high purity cubic crystals, such as CaF 2 
crystals for VUV optical lithography systems, naturally cleave along the (111) plane, and 
high optical quality single crystals are more easily grown along the [111] direction. As a 

.5 result, lens blanks for construction of [111] optical elements are typically less expensive 
and more readily available than lens blanks oriented along other lattice directions. 
Furthermore, the stress optic coefficient is lower along the [111] direction than along the 
[100] or [110] directions, reducing image degradation resulting from mount-induced stress. 
Accordingly, an example of this preferred arrangement is presented, in which all powered 

10 cubic crystalline elements comprise [111] refractive optical elements oriented with their 
respective [111] crystal axes along the optical axis. 

Alternate embodiments, however, may include optical components comprising 
other cubic crystal material having their crystal axes oriented differently. The lens may for 
example include one or more [100] and/or [110] optical elements with the respective [100] 

25 and [110] lattice directions substantially parallel to the optical axis 106. Preferably, 
however, the majority or more preferably a substantial majority of the cubic crystal optical 
elements through which the beam passes in the optical system comprise [111] optical 
elements. For example, 70, 80, 90, percent or more of the cubic crystalline optical 
elements in the path of the beam in the optical system 100 preferably comprise [111] cubic 

30 crystal optics. These percentages may apply to just the cubic crystal lens elements or may 
include both lens elements as well as other optical elements, such as, e.g., windows and 
plates. Alternatively, the percentage, by weight, of [111] cubic crystal of all the cubic 
crystal material in the optical path of the lens 100 is preferably more than 50%, more 

54 



WO 2004/019077 



PCT/US2003/026164 



preferably at least about 80% and most preferably 90% or more. This percentage may 
include only powered refractive optical elements as well as powered and non-powered 
optical elements such as windows and plates, etc. For example, 90% of net weight of the 
cubic crystal lens 100 may comprise cubic crystal having a [111] axis oriented along the 
optic axis 106. In another example, 80% of the net weight of the cubic crystal optics, 
including the protective window A21, may be [111] cubic crystal, with the [111] axis 
parallel to the optic axis. The cost of materials for such a system 100 is significantly 
reduced in comparison with optical systems that employ more [110] or [100] crystal 
material. The use of a uniaxial birefringent medium and appropriate clocking in reducing 
the retardance aberration enables such a large percentage by weight of [111] crystal 
material to be used without unduly degrading the optical performance of the system 100. 
In other embodiments, some of the lens elements Al, A3-A5, A8-A23 or other optical 
elements may be formed of non-cubic crystalline material or additional lens and/or optical 
elements formed of non-cubic crystalline material may be used. Various suitable non-cubic 
crystalline materials such as dry fused silica may offer other lower cost alternatives. 

Some of the preceding examples are based on a lens prescription published in the 
prior art. These examples are intended to be exemplary only and the principles applied with 
reference to these examples can be extended to any of various other lens designs. 
Application of techniques described above for reducing retardance aberration are of 
particular interest for high numerical aperture optical systems for photolithography at an 
exposure wavelength near 157 nm, such as that produced by an F 2 excimer laser. It should 
be understood, however, that these principles and techniques apply equally to both high and 
low numerical aperture systems and systems operating at other wavelengths. For example, 
substantial reduction in the net retardance or retardance aberrations may be reduced for 
high performance lenses 100 having a numerical apertures about 0.6, 0.7, 0.8, 0.9 or more. 
Corrections of lower numerical aperture (larger F-number) systems is also possible and is 
in many cases is less difficult. As discussed above, for instance, the retardance pattern for 
the optical elements Al, A3-A5, A8-A21, A23 may be more uniform, more circularly 
symmetric and more radial for lower numerical apertures. 

Furthermore to estimate the effects of intrinsic birefringence in high numerical 
aperture lenses designed for a central wavelength of 157 nm, in which the refractive 
elements are primarily constructed from calcium fluoride, each element is assumed to have 
a peak intrinsic birefringence of (n e - n 0 ) = -1.1 x 10" 6 , which is roughly equivalent to the 
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measured peak intrinsic birefringence in calcium fluoride at a wavelength of 157 mn. In 
other embodiments, however, one or more of the optical elements maybe constructed from 
other materials such as barium fluoride, Uthium fluoride, strontium fluoride, and fused 
silica. In addition, optical elements comprising material exhibiting positive birefringence 
5 can be included to compensate for the effects of optical elements comprising material 
exhibiting negative birefringence. 

The method for compensation for intrinsic birefringence in similar high numerical 
aperture lenses designed for 157 nm may also be demonstrated using known exemplary 
. lens descriptions designed for a central wavelength of 193 nm as starting points. The 
10 change in central wavelength may result in a change in refractive index of the refractive 
components and may warrant the use of fluoride materials such as calcium fluoride, but the 
types of elements used and distributions of ray angles for a given numerical aperture are 
similar enough to allow a lens designed for a central wavelength of 193 nm to be used to 
demonstrate the innovative techniques for mitigating the effects of intrinsic birefringence in 
15 high numerical aperture lenses, at a central wavelength of 157 nm. The design techniques 
presented above, however, may be employed for reducing polarization aberration in optical 
systems operating at other wavelengths. 

The preceding examples are intended to be illustrative, not restrictive. Furthermore, 
it is intended that the various exemplary techniques for countering the effects of intrinsic 
20 birefringence, including retardance aberrations and wavefront aberrations produced by 
variations in average index of refraction, may also be applied to the other embodiments. 
More generally, these basic principles used to compensate for polarization aberrations such 
as retardation can be extended to at least partially correct for these effects in various other 
optical systems. The principles apply both to refractive and catadioptric lens systems as 
25 well as other systems containing substantially optically transmissive material that imparts 
polarization aberrations on a beam propagating therethrough. In other optical systems, the 
optical features of the optical components may vary. For example, the individual 
thicknesses, radii of curvature, aspheric coefficients, and ray angles may differ significantly 
from component to component. 
30 These principles may be used when designing new optical systems or to improve a 

known lens prescription. In some of the examples above, the corrected optical system is 
based on a given lens prescription, which may be maintained and the effects of intrinsic 
birefringence compensated for, using the techniques described above. Alternatively, 
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retardation may be reduced by splitting of one or more lens elements of the given 
prescription, into two or more sub-elements. The location of the buried surface, its 
curvature and the thicknesses of the respective sub-elements are degrees of freedom that 
may be adjusted to reduce aberration or provide other performance attributes. For example, 
5 the optical power may be substantially evenly split into the sub-elements, which may or 
may not have same center thickness. The techniques- and designs described above, 
however, may be advantageously applied to various other new lens prescriptions being 
designed. 

Ray tracing software may be used to generate or revise the lens prescription 
10 including positioning of the individual lens elements, as well as thicknesses, radii of 
curvature, aspheric coefficients, material properties, and the like. In one embodiment, the 
RMS retardance may be computed over a pupil grid at each field point and used as the 
merit function for a damped least squares optimization using the commercially available 
ray tracing software, CODE V®, for example. A computer may be used to optimize the 
15 orientation and clocking of each of the elements in the system and the thickness of the 
uniaxial birefringent medium. The thicknesses of the components, the spacings between 
the components, and the radii of curvature and aspheric coefficients of the lens elements, 
may similarly be optimized to balance aberrations and reduce retardance across the field. 
One or more birefringent elements, wave plates, or combinations thereof, may additionally 
20 be used to correct for residual retardance variation and constant residual retardance. Phase 
aberrations, such as astigmatism, trefoil aberration, and quadrafoil aberration, introduced 
by the average index variations in [110], [111], and [100] elements, respectively, may be 
compensated using one or more surfaces with radii of curvature that vary as 29, 39, and 49, 
respectively. 

25 When cubic crystalline materials like calcium fluoride are used, a substantial 

portion of these crystal elements preferably comprise lesser expensive [111] cubic crystal 
with the [111] crystal lattice direction parallel to the optical axis 106. Although [100] and 
[110] elements appropriately clocked can be added to compensate for the retardance 
introduced by [111] elements, the cost of these [100] and [110] elements is higher. The 

30 techniques described above advantageously permit the retardance of the [1 1 1] elements to 
be compensated for by other the lesser expensive [111] elements. Accordingly, the fraction 
of cubic crystalline elements that comprise [111] crystal with the [111] crystal lattice 
direction along the optical axis is preferably large, i.e., at least 70 - 90%, by weight. 
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Although the uniaxial bfrefringent medium may be formed from various materials, it may 
comprise cubic crystal, such as [110], [100], or [111] cubic crystal elements. In some 
embodiments where the uniaxial birefringent element comprises cubic crystal, preferably it 
comprises mostly [111] cubic crystal, most preferably, all [111] cubic crystalline material. 
5 As discussed above, having many of the cubic crystal elements comprise [111] material 
' reduced the cost of the optics. Most preferably, a majority of the transmissive optical 
elements have an optical axis generally aligned with the [111] crystal lattice direction. In 
one preferred embodiment, substantially all the optically transmissive cubic crystal 
elements comprise this [1 1 1] crystal. 
0 As mentioned above, the various exemplary cubic crystalline optical systems and 

methods for forming aberration-free patterns on semiconductor substrates are particularly 
advantageous as feature sizes become increasingly smaller and approach the half or less 
than half wavelength of the light used to produce the patterns. Such techniques find 
particular advantage in high numerical aperture (NA) lens systems but the various aspects 
5 of these methods and innovations find application in optical systems having both relatively 
high and relatively low numerical apertures. 

Although described in conjunction with photolithography tools used to pattern 
substrates in the semiconductor industry, the techniques and designs discussed above will 
find use in a wide variety of applications, both imaging and non-imaging, in infrared, 
10 visible, and ultraviolet. Optical systems used for medical, military, scientific, 
manufacturing, communication, and other applications are considered possible candidates 
for benefiting from the innovations described herein. 

Although described above in connection with particular embodiments of the present 
invention, it should be understood the descriptions of the embodiments are illustrative of 
25 the invention and are not intended to be limiting. Accordingly, various modifications and 
applications may occur to those skilled in the art without departing from the true spirit and 
scope of the invention. The scope of the invention is not to be limited to the preferred 
embodiment described herein, rather, the scope of the invention should be determined by 
reference to the following claims, along with the full scope of equivalents to which those 
30 claims are legally entitled. 
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WHAT IS CLAIMED IS : 

1 . An optical system comprising: 

a first optical portion comprising a plurality of cubic crystalline optical elements 
aligned along an optical axis, said plurality of cubic crystalline optical elements being 
birefringent and imparting retardance on a beam of light propagating through said optical 
system along said optical axis; and 

a second optical portion including one or more optical elements, each comprising a 
uniaxial birefringent medium having a single birefingent axis inserted along said optical 
axis, said one or more optical elements having an amount of birefringence to substantially 
reduce said retardance introduced by said plurality of cubic crystalline optical elements. 

2. The optical system of Claim 1, wherein said single birefringent axis is 
substantially aligned parallel to said optical axis. 

3. The optical system of Claim 1, wherein each of said optical elements 
comprise a negative birefringent medium. 

4. The optical system of Claim 1, wherein said uniaxial birefringent medium 
has a birefringence with a magnitude greater than about 1 x 10 . 

5. The optical system of Claim 1, wherein said uniaxial birefringent medium 
has a birefringence with a magnitude greater than about 0.01 . 

6. The optical system of Claim 1, wherein said uniaxial birefringent medium 
has a birefringence with a magnitude greater than about 0.04. 

7. The optical system of Claim 1, wherein said plurality of cubic crystalline 
optical elements imparts retardance of less than about 0.1 RMS waves for an on-axis field 
and a numerical aperture of greater than about 0.7. 
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8. The optical system of Claim 1, wherein said uniaxial birefringent medium 
comprises alternating layers of material that together introduce form birefringence. 

9. The optical system of Claim 1, wherein said uniaxial birefringent medium 
5 comprises microstructures having a first index of refraction within a matrix material having 

a second index of refraction that together introduce form birefringence. 

10. The optical system of Claim 1, wherein said at least one optical element 
includes a stress member that applies a stress to said medium to induce said uniaxial 

10 birefringence therein. 

11. The optical system of Claim 10, wherein said uniaxial birefringent medium 
comprises cubic crystal. 

15 12. The optical system of Claim 1, wherein said uniaxial birefringent medium 

comprises a [111] cubic crystal aligned with its [111] lattice direction substantially parallel 
with said optical axis. 

13. The optical system of Claim 1, wherein said uniaxial birefringent medium 
20 comprises a [100] cubic crystal aligned with its [100] lattice direction substantially parallel 

with said optical axis. 

14. The optical system of Claim 1, wherein said uniaxial birefringent medium 
comprises non-cubic crystalline material. 

25 

15. The optical system of Claim 1 , wherein said second optical portion includes 
a plurality of optical elements comprising a uniaxial birefringent medium. 

16. The optical system of Claim 1, where said at least one optical element in 
30 said second optical portion comprises a powered optical element. 

17. The optical system of Claim 1, wherein said uniaxial birefringent medium 
comprises calcium fluoride. 
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18. The optical system of Claim 1, wherein said uniaxial birefringent medium 
comprise materials selected from the group consisting of lanthanum fluoride, gadolinium 
fluoride, aluminum fluoride, and magnesium fluoride. 

19. The optical system of Claim 1, wherein said plurality of cubic crystalline 
optical elements in the first optical portion comprises [111] cubic crystalline optical 
elements aligned with their respective [111] lattice direction substantially parallel to said 
optical axis passing through said element. 

20. The optical system of Claim 1 , wherein at least one of said cubic crystalline 
optical elements in the first optical portion is rotated about the optical axis with respect to 
another of said cubic crystalline optical elements to obtain a more rotationally symmetric 
retardance distribution at least for light from on-axis field points. 

21. The optical system of Claim 1, wherein said plurality of cubic crystalline 
optical elements in the first optical portion comprises at least one powered optical element. 

22. The optical system of Claim 1, wherein said plurality of cubic crystalline 
optical elements is selected from the group consisting of refractive elements and diffractive 
elements. 

23. The optical system of Claim 1, wherein said optical system is an imaging 

system. 

24. The optical system of Claim 1, wherein said plurality of cubic crystalline 
optical elements in the first optical portion comprise material selected from the group 
consisting of calcium fluoride, barium fluoride, lithium fluoride, and strontium fluoride. 

25. The optical system of Claim 1, wherein said plurality of cubic crystalline 
optical elements in the first optical portion comprise calcium fluoride. 
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26. The optical system of Claim 1, further comprising a light source disposed 
with respect to the first and second portions to propagate light therethrough. 

27. The optical system of Claim 21, wherein said light source comprises an 
excimer laser. 

28. The optical system of Claim 1, wherein said plurality of cubic crystalline 
optical elements in the first optical portion are substantially optically transmissive to light 
having a wavelength less than or equal to about 248 nanometers. 

29. The optical system of Claim 1, wherein said plurality of cubic crystalline 
optical elements in the first optical portion are substantially optically transmissive to tight 
having a wavelength less than or equal to about 1 93 nanometers. 

30. The optical system of Claim 1, wherein said plurality of cubic crystalline 
optical elements in the first optical portion are substantially optically transmissive to tight 
having a wavelength less than or equal to about 157 nanometers. 

31. An optical apparatus for transmitting light, comprising: 

a plurality of optical elements having birefringence that introduces 

retardance to said light; and 

one or more form birefringent optical elements having birefringence that 
produces retardance opposite to said retardance of said plurality of optical elements so as to 
counter said retardance introduced by said plurality of optical elements. 

32. The optical apparatus of Claim 31, wherein said form birefringent optical 
element comprises a plate. 

33. The optical apparatus of Claim 31, wherein said form birefringent optical 
element comprises a powered optical element. 

34. The optical apparatus of Claim 31, wherein said form birefringent optical 
element comprises a stratified medium having a plurality of layers of material having 
different refractive indices that together exhibit form birefringence. 
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35 . The optical apparatus of Claim 34, wherein said layers have a thickness less 
than the wavelength of said light 

5 36. The optical apparatus of Claim 34, wherein said material is selected from 

the group consisting of lanthium fluoride, gadolinium fluoride, aluminum fluoride, and 
magnesium fluoride. 

37. The optical apparatus of Claim 34, wherein said plurality of layers of 
10 material comprise alternating layers of first and second materials, said first material 

selected from the group consisting of LaF 3 and GdF 3 , and said second material selected 
from the group consisting of AIF3 and MgF2. 

38. The optical apparatus of Claim 31, further comprising an impedance 
15 matching multilayer structure between said stratified medium formed on a substrate, 

wherein said impedance matching multilayer structure reduces reflections between said 
stratified medium and said substrate. 

39. The optical apparatus of Claim 31, further comprising an antireflection 
20 coating on said stratified medium, wherein said antireflection coating reduces reflections 

from said stratified medium. 

40. The optical apparatus of Claim 31, wherein said form birefringent optical 
element comprises a composite medium including a plurality of microstructures having a 

25 first refractive index incorporated in a matrix having a second refractive index, said 
plurality of microstructures and said matrix together exhibiting form birefringence. 

41 . An optical system for transmitting light, said optical system comprising: 
first optics having an optical axis passing therethrough, said first optics 

30 having radial and tangential eigenpolarization states distributed through a pupil plane 
associated with the optical system, said radial eigenpolarization state being directed 
substantially radially away from said optical axis and said tangential eigenpolarization state 
being substantially tangential to circular paths centered about said optical axis, both said 
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radial and tangential eigenpolarizations having a distribution of magnitudes that is 
substantially circularly symmetric about said optical axis such that said magnitudes are 
substantially constant along said circular paths; 

second optics inserted along said optic axis of said first optical subsystem, 
said second optics having radial and tangential eigenpolarization states distributed through 
said pupil plane, said radial eigenpolarization state being directed substantially radially 
away from said optical axis and said tangential eigenpolarization state being substantially 
tangential to circular paths centered about said optical axis, said radial and tangential 
eigenpolarizations having a distribution of magnitudes that is substantially circularly 
symmetric about said optical axis such that said magnitude is substantially constant along 
said circular path, 

wherein said radial and tangential eigenpolarization states associated with 
said first optics are phase delayed with respect to each other an amount substantially equal 
to and opposite said radial and tangential eigenpolarization states associated with said 
second optics to reduce total phase delay being imparted on said light in said optical 
system. 

42. The optical system of Claim 41, wherein said radial eigenpolarization states 
extend substantially about 360 degrees around said optical axis. 

43 . A method of optically imaging, comprising: 

propagating light through a plurality of cubic crystal elements possessing 
intrinsic birefringence that produce first retardance aberrations; and 

propagating said light through one or more optical elements comprising a 
uniaxial birefringent medium thereby introducing second retardance aberrations 
substantially identical in magnitude and substantially conjugate in shape to said first 
retardance aberrations so as to substantially offset said first retardance aberrations. 

44. The method of Claim 43, wherein said plurality of cubic crystal elements are 
clocked such that said second retardance aberrations are substantially identical in 
magnitude and substantially conjugate in shape to said first retardance aberrations. 
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45. The method of Claim 43, wherein said plurality of cubic crystal elements are 
clocked such that said first retardance aberrations are substantially circularly symmetric 
about an optical axis passing through said plurality of cubic crystal elements. 

46. The method of Claim 43, wherein said plurality of cubic crystal elements are 
clocked so as to provide radially directed local retardance axes substantially completely 
around an optical axis passing through said plurality of cubic crystal elements at least for 
light propagating from an on-axis field point. 

47. The method of Claim 43, wherein said plurality of cubic crystalline optical 
elements imparts retardance of at least about 0.1 RMS waves for an on-axis field and a 
numerical aperture of greater than about 0.7. 

48. The method of Claim 43, wherein said first retardance aberrations are 
reduced to about 0.05 RMS waves or less when combined with said second retardance 
aberrations. ■— 

49. The method of Claim 43, further comprising imposing a stress on said at 
least one optical element comprising an optical plate to induce uniaxial birefringence. 

50. The method of Claim 43, further comprising imposing a stress on the 
perimeter of front and rear surfaces of said optical element to induce uniaxial birefringence, 
said light propagating through said at least one optical element is incident on said front face 
and exits said rear face. 

51. The method of Claim 43, further comprising imposing a stress between 
about 100 to about 1000 pounds per square inch on said at least one optical element to 
induce uniaxial birefringence. 

52. The method of Claim 43, further comprising imposing a stress on said at 
least one [1 1 1] cubic crystalline optical element to induce uniaxial birefringence. 
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53. The method of Claim 43, wherein said plurality of cubic crystal elements 
comprise [111] cubic crystal. 

54. A method of reducing the retardance caused by intrinsic birefringence in an 
optical system comprising a plurality of [111] cubic crystalline optical elements with 
respective [111] crystal axes aligned along an optical axis, said method comprising: 

clocking at least one said [111] cubic crystalline optical element to provide a more 
circularly symmetric retardance pattern over a pupil centered about said optical axis at least 
for on-axis field points; and 

introducing one or more uniaxial birefringent elements comprising media having a 
single birefringence axis into said optical system, said one or more uniaxial birefringent 
elements having a substantially circularly symmetric retardance pattern associated 
therewith that is distributed over said pupil centered about said optical axis at least for on- 
axis field points, 

wherein said retardance pattern corresponding to said plurality of [111] cubic 
crystal optical elements and said retardance pattern corresponding to said one or more 
uniaxial birefringent elements are opposite such that retardance introduced into an optical 
beam transmitted through said plurality of [111] cubic crystalline elements is substantially 
offset by retardance introduced into said optical beam upon transmitting said beam through 
said one or more uniaxial birefringent optical elements. 

55. The method of Claim 54, wherein at least one of said [111] cubic crystalline 
optical elements is clocked sufficiently to provide said circularly symmetric retardance 
pattern with radially directed local retardance axes substantially throughout said retardance 
pattern over said pupil. 

56. The method of Claim 54, wherein at least one of said [111] cubic crystalline 
optical elements is clocked sufficiently to provide substantially constant magnitude local 
retardance about concentric circular paths around said optical axis. 

57. The method of Claim 54, wherein said introducing comprises providing one 
or more optical elements comprising form birefringence media. 
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58. The method of Claim 54, wherein said media having a single birefringence 
axis includes at least one multilayer form birefringence film comprising multiple layers 
each having a thickness of less than a wavelength. 

59. The method of Claim 54, wherein said media having single birefringence 
axis includes at least one composite form birefringent structure comprising a plurality of 
microstructures imbedded in a material. 

60. The method of Claim 54, wherein said optical system has a numerical 
aperture of at least about 0.5 and a net retardance of less than about 0.05 RMS waves. 

61. The method of Claim 54, wherein said pupil corresponds to a numerical 
aperture of at least about 0.5. 

62. An optical method comprising: 

propagating a beam of light having first and second orthogonal polarization 
components through first optics comprising a plurality of optical elements disposed along 
an optical axis, said first optics having radial and tangential eigenpolarization states that 
form a circularly symmetric pattern around said optical axis, said radial and tangential 
eigenpolarization states being phased delayed with respect to each other so as to introduce 
phase delay between said first and second orthogonal polarization components in said beam 
of light; and 

substantially reducing said phase delay between said first and second 
orthogonal polarization components in said beam of light by propagating said light through 
second optics disposed along said optical axis, said second optics having radial and 
tangential eigenpolarization states that form a circularly symmetric pattern around said 
optical axis, said radial and tangential eigenpolarization states in said second optics being 
phased delayed with respect to each other opposite said phase delay between said radial and 
tangential eigenpolarization states of said first optics section. 

63 . A photolithography tool comprising: 

a light source outputting light for illuminating a reticle; 
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condenser optics positioned to receive light from said light source, said 
condenser optics positioned to direct an optical beam formed from said light 
through said reticle; and 

projection optics configured to form an image of said reticle onto a 
substrate, said projection optics including: 

one or more cubic crystalline lens elements receiving said directed 
optical beam propagated through said reticle, said one or more cubic 
crystalline lens elements having intrinsic birefringence which introduces 
retardahce aberrations into said optical beam; and 

at least one uniaxial birefringent optical element positioned along a 
common optical pathway with said reticle and said one or more cubic 
crystalline lens elements, said uniaxial birefringent optical element 
comprising a uniaxial birefringent medium having a single birefringent axis, 
said uniaxial birefringent optical element having birefringence which 
introduces retardance aberrations into said optical beam that are substantial 
conjugate to said retardance aberrations introduced by said one or more 
cubic crystalline lens elements. 

64. The photolithography tool of Claim 63, wherein said uniaxial birefringent 
optical element comprises an optical element having birefringence produced by form 
birefringence. 

65. The photolithography tool of Claim 63, wherein said uniaxial birefringent 
optical element comprises a form birefringent optical element having birefrigence produced 
by form birefringence, said form birefringent element comprising a multilayer structure 
comprising a plurality of alternating layers of high and low index. 

66. The photolightography tool of Claim 63, wherein said uniaxial birefringent 
optical element comprises a multilayer film formed on a lens. 

67. The photolightography tool of Claim 63, wherein said uniaxial birefringent 
optical element comprises a multilayer film formed on a plate. 



68 



WO 2004/019077 



PCT/US2003/026164 



68. The photolithography tool of Claim 63, wherein said light source outputs 
light having a wavelength less than or equal to about 248 nm. 

69. The photolithography tool of Claim 63, wherein said light source outputs 
light having a wavelength less than or equal to about 193 nm. 

70. The photolithography tool of Claim 63, wherein said light source outputs 
light having a wavelength less than or equal to about 157 nm. 

7 1 . The photolithography tool of Claim 63, wherein said light source comprises 
an excimer laser. 

72. The photolithography tool of Claim 63, wherein at least a first of the one or 
more cubic crystalline lens elements comprises a [111] cubic crystal having a [111] crystal 
lattice direction substantially parallel to an optical axis passing through said first optical 
element. 

73. The photolithography tool of Claim 63, wherein said one or more cubic 
crystalline lens elements comprise material selected from the group consisting of calcium 
fluoride, barium fluoride, hthium fluoride, and strontium fluoride. 

74. The photolithography tool of Claim 63, wherein said projection optics 
comprises a catadioptric system including at least one reflective surface. 

75. The photolithography tool of Claim 63, wherein said projection optics 
comprises a catadioptric system including at least one reflective surface, wherein said at 
least one reflective surfaces has an asymmetrical stress applied thereto to thereby reduce 
astigmatism, trefoil aberration, or quadrafoil aberration. 

76. A method for forming a semiconductor device comprising: 
propagating a beam of light through a reticle; 

forming an optical image of said reticle by 
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directing said beam of light into a first portion of a projection lens 
comprising a plurality of [1 1 1] cubic crystalline optical elements having respective 
[111] cubic crystal axes aligned with a common optical axis through said [111] 
cubic crystalline optical elements, said beam of light becoming aberrated as a result 
of first retardance aberrations introduced by said first portion of said projection 
lens, said first retardance aberrations resulting from variation in phase with 
polarization, said [111] cubic crystalline optical elements being clocked so as to 
cause said first retardance aberration associated with light from an on-axis field 
point to be substantially circularly symmetrical about said optical axis at an exit 
pupil of said projection lens; and 

propagating said beam of light through a second portion of said projection 
lens, said second portion of said projection lens including one or more optical 
elements, said second portion of said projection lens selected to introduce second 
retardation aberrations resulting from variation in phase with polarization, said one 
or more optical elements causing said second retardance aberrations associated with 
light from an on-axis field point that propagate through said exit pupil of said 
projection lens to be substantially circularly symmetric about said optical axis and 
to substantially counter said first polarization aberrations associated with said on- 
axis field point at said exit pupil, and 

positioning a substrate, such that said optical image formed by said beam of 
light output by said projection lens, is formed on said substrate. 

77. The method of Claim 76, further comprising forming a photosensitive 
coating on said substrate. 

78. The method of Claim 77, further comprising developing said photosensitive 
coating after exposure to said beam of light output by said projection optics. 

79. The method of Claim 77, further comprising etching said photosensitive 
coating after exposing said photosensitive film to thereby produce a pattern on said 
substrate similar to said reticle. 
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80. The method of Claim 77, further comprising depositing a film on said 
substrate prior to forming said photosensitive coating thereon, such that said photosensitive 
coating is formed on said film. 

81. The method of Claim 80, further comprising developing said photosensitive 
coating after exposure to said beam of light output by said projection optics. 

82. The method of Claim 81, further comprising etching said photosensitive 
film after exposing said photosensitive film to thereby produce a pattern in said film 
substantially corresponding to said reticle. 

83. A semiconductor device formed according to a process comprising: 
depositing a photosensitive material over a semiconductor wafer; 
illuminating a mask pattern; 

transmitting a beam of light along an optical path from said mask pattern 
through a plurality of optical elements, said optical elements having radial and tangential 
eigenpolarization states and said beam having first and second orthogonal polarization 
states each coinciding with said one of said radial and tangential eigenpolarization states 
such that said first polarization state is phase delay with respect to said second polarization 
state; 

transmitting said beam of light, through at least one birefringent element 
having a single uniaxial birefringent axis, said at least one birefringent element having 
radial and tangential eigenpolarization states such that said second polarization state is 
phase delayed with respect to said first polarization state a substantially equal amount to 
reduce the relative phase difference between said first and second orthogonal polarization 
states of said beam of light; 

receiving said beam of light after said beam of light is transmitted through 
said at least one birefringent element, and projecting said beam of light onto said 
photosensitive material over said semiconductor wafer; 

removing portions of photosensitive material to form a pattern in said 
photosensitive material that resembles said mask pattern; and 

processing said semiconductor wafer having said patterned photosensitive 
material thereon. 
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84. The semiconductor device of Claim 83, wherein said photosensitive material 
comprises photoresist. 

5 85. The semiconductor device of Claim 83, wherein said processing said 

semiconductor wafer comprises etching. 

86. The semiconductor device of Claim 83, wherein said processing said 
semiconductor wafer comprises ion implanting. 

10 

87. The semiconductor device of Claim 83, further comprising depositing at 
least one layer of material on said semiconductor wafer. 

88. The semiconductor device of Claim 83, wherein said semiconductor device 
1 5 comprises a semiconductor integrated circuit. 

89. A photolithography tool comprising: 

a light source outputting light for illuminating a reticle; 
condenser optics positioned to receive light from said light source, said 
20 condenser optics positioned to direct an optical beam formed from said light source 

through said reticle; and 

projection optics configured to form an image of said reticle onto a 
substrate, wherein said condenser optics include: 

one or more cubic crystalline optical elements receiving said light 
25 from said light source, said one or more cubic crystalline optical elements 

having intrinsic birefringence which introduces retardance into said optical 
beam, and 

a form birefringent optical element having form birefringence, said 
form birefringent optical element positioned along a common optical 
30 pathway through said one or more cubic crystalline optical elements, the 

form birefringent optical element introducing retardance that substantially 
offsets said retardance imparted on said light transmitted through said one or 
more cubic crystalline optical elements. 
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90. A photolithography tool comprising: 

a light source outputting light for illuminating a reticle; 
condenser optics positioned to receive light from said light source, said 
5 condenser optics positioned to direct an optical beam formed from said light 

through said reticle; and 

projection optics configured to form an image of said reticle onto a 
substrate, said condenser optics including: 

one or more cubic crystalline lens elements receiving said light from 
10 said light source, said one or more cubic crystalline lens elements having 

intrinsic birefringence which introduces retardance aberrations into said 
optical beam; and 

at least one uniaxial bixefringent optical element comprising a 
uniaxial birefringent medium, said uniaxial birefringent optical element 
15 having birefringence which introduces retardance aberrations that are 

substantial conjugate to said retardance aberrations introduced by said one 
or more cubic crystalline lens elements. 
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